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abstract
The thesis explores the role of technology in some of the most important eco-
nomic phenomena of the last decades and examines how changes in the state
of the economy could influence the nature of technology. In the first chapter
I study the relation between supply of skilled labor, firms’ choice of optimal
technology and wage inequality. Researchers have acknowledged that one of the
key causes of the increase in inequality across OECD countries was the intro-
duction of skill-biased production methods, which generated a higher demand
for skilled workers. In the chapter, I explore whether the shift to skill-biased
production method was a consequence of changing nature of new global tech-
nological paradigm (specifically, the arrival of the information technology) or a
consequence of firms’ choice to exploit the new technological paradigm in a way
that favors skilled workers. Such choice could be motivated by a rapid increase
in availability of college graduates in 70s and 80s. To study these questions, I
first observe that while the source of the latter cause is global, the source of the
former rests in labor market conditions at the country level. Hence panel data
estimators could be used to disentangle the two effects. I find that endogenous
technology choice at the local level can explain 30% of the increase of the college
premium in the OECD countries. The second chapter studies how the rate and
direction of technological change is influenced by the parameters of consumers’
preferences. I demonstrate that the elasticity of substitution between goods in
the Dixit-Stiglitz framework can be represented as a simple linear function of
a taste heterogeneity measure. I combine this result with Young’s model of
endogenous growth, which predicts that the speed of technological progress de-
pends positively on the elasticity of substitution between goods. The purpose of
the third chapter is to summarize the convergence of Central and Eastern Eu-
ropean to Western European economies in the period between 1995 and 2007.
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I decomposes growth of relative output into growth of capital, labor input, hu-
man capital and TFP. I find the evidence for the massive contribution of TFP
convergence in the GDP convergence.
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Preface
In my thesis I explore the role of technology in some of the most important
economic phenomena of the last decades in the OECD countries such as sharp
increase in wage inequality and catching up of Central and Eastern European
economies with their Western neighbors. I examine also how changes in the
state of the economy could influence the nature of technology.
Initially, in economic theory, technology was understood as a set of parame-
ters determining the productivity of factors of production. In the Solowian tra-
dition, the assumption on Cobb-Douglas production function implies that there
could be only one parameter governing the productivity of all factors (the Total
Factor Productivity, TFP). In the tradition of endogenous growth theory, the
productivity parameter was replaced with a variable that represents the stock
of knowledge. Finally, several authors studied technological change using the
constant elasticity of substitution production function with several productivity
parameters (or knowledge stocks), one for each factor of production (Samuelson
(1960), Acemoglu (1998, 2000, 2002, 2007), Caselli and Coleman (2006)). Each
of the chapters in my thesis refers to one of these traditions.
In the first chapter I examine the relation between supply of skilled labour,
firms’ choice of optimal technology and wage inequality. Researchers have ac-
knowledged that one of the key causes of the increase in inequality across OECD
countries was the introduction of skill-biased production methods, which gener-
ated a higher demand for skilled workers. However, is a production method skill-
bias ingrained in the skill-biased nature of new global technological paradigm
(i.e. information technology). Should we instead trace its genesis to the choice
of firms to exploit the new technological paradigm in a way that favours skilled
workers. This choice could have been motivated by a rapid increase in availabil-
ity of college graduates? To study this question, I first observe that while the
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source of the latter cause is global, the source of the former rests in labour mar-
ket conditions at the country level. Hence panel data estimators could be used
to disentangle the two effects. Through econometric analysis, I find that coun-
tries which experienced higher college graduate growth than other countries also
witnessed higher growth of college wage premiums a decade later. A number of
arguments suggest that endogenous technology choices on a national level is the
most plausible explanation for this finding. One implication is that any policy
that affects the supply of skilled workforce will have an impact on the skill-bias
of equilibrium technology and wage inequality dynamics. At a theoretical level,
I set a microfoundation for the model by showing how research in the R&D
sector might generate a tradeoff between technologies that are skill-biased and
those that are not.
The second chapter studies how the rate and direction of technological
change is influenced by the parameters of consumers’ preferences. First, the
chapter formalizes Edward Chamberlin’s idea that monopoly power depends on
the heterogeneity of consumers’ tastes. This is done by demonstrating that the
elasticity of substitution between goods in the Dixit-Stiglitz framework can be
represented as a simple linear function of a taste heterogeneity measure. The
result can enrich interpretation of a broad range of models using the Dixit-
Stiglitz framework: if predictions of these models depend on the elasticity of
substitution, they might depend also on the heterogeneity of consumers’ tastes.
Subsequently, I combine this result with Young’s model of endogenous growth,
which predicts that the speed of technological progress depends positively on
the elasticity of substitution between goods. Thus, combined with the result,
the model predicts a negative dependance of growth on the diversity of tastes
in population. The reason is that if consumers in the population have hetero-
geneous valuations of a product, the quality improvement of this product will
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bring only a relatively small increase in sales. This disincentivises firms to invest
in the improvement of quality.
The purpose of the third chapter is to summarize the convergence of Central
and Eastern European to Western European economies in the period between
1995 and 2007. I focus on two decompositions of convergence. The first one
decomposes growth of relative output into growth of capital, labour input, hu-
man capital and TFP. I propose a new simple method that takes advantage
of the availability of the data on relative factor prices to separate the effect of
increased shares of well-educated workers and the effect of higher productivity
of a more abundant educational group. Furthermore, if workers with differ-
ent education levels are not perfect substitutes, the method allows isolation and
quantification of the negative effect of one type of workers becoming very scarce.
The second decomposition is the sectoral decomposition that allows distinguish-
ing whether growth comes from growth of productivities of industries or from
moving labour towards more productive industries. I find the evidence for the
massive contribution of TFP convergence in the GDP convergence. In turn the
accumulation of physical capital per unit of labour was surprisingly sluggish
and did not keep pace with the rapid productivity improvement. The sectoral
decomposition reveals that the primary source of convergence was the growth
of within-sector productivity. Interestingly, the allocation of labour into a more
productive sector turned out to be very sluggish and had no contribution in
convergence.
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1 Chapter I: Can endogenous technology choices
explain wage inequality dynamics? Empirical
and theoretical evidence
1.1 Introduction
The second half of the 20th century has brought a notable increase in skill
premium - i.e. the relative pay of well educated to low-educated workers - in
almost all developed countries. The change has attracted wide interest among
researchers and motivated a number of studies aimed to explore its roots. The
explanation that wins a growing popularity among researchers is a skill-biased
nature of new information and communication technology1. In the argument,
production methods are, to a large extent, shaped by the technology platform2
(also referred to as general purpose technology or GPT, in the text). A tech-
nology platform is a technological paradigm, a basis for further secondary in-
novations and invention of production methods. Examples of the technological
platforms that we have witnessed since the outbreak of the industrial revolution
are the steam engine, electric dynamo and now the new ICT technology. A
technological platform is also characterized by its world-wide presence (at least
in the developed world). The belief is that the new ICT technology platform is
by nature ideally matched with highly-skilled workers, thus it has dramatically
increased their productivity (relative to the low-skilled workers) and hence led
to higher relative wages.
However, by focusing on the change in the global technology paradigm,
economists overlooked the presence of the LeChatelier principle within one tech-
1The other prominent explanations were the institutional changes (weakening of trade
unions - e.g. DiNardo, Fortin and Lemieux (1995)) and globalization (shifting of low-skill-
intensive production to less developed countries - e.g. Wood (1995) and Leamer (1995)). The
institutional change explanation is not convincing because skill premium in the US started
to increase before deunionization (Acemoglu (2000)). Although globalization seems to play
important role in the rise (Van Reenen (2011)) it cannot fully explain its pattern (Acemoglu
(2000)).
2The technology platform is sometimes called a general purpose technology, see for instance
Aghion (2002).
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nological paradigm: since every global technology platform offers a variety of
possibilities for the production process, individual production firms have an op-
tion to switch to more skill-intensive production methods upon increase in sup-
ply of skilled workers. One implication is that the skill-intensity of production
processes may change, even in the absence of technology paradigm change. An-
other, perhaps more interesting, implication is that if the paradigm does change,
higher skill-intensity can arise not necessarily because the new paradigm is more
skill-biased by nature, but because firms have optimally chosen to exploit it in
a skill-biased way - simply by picking only the skill-intensive processes from the
menu of new possibilities it has offered.
The difference between the change in the nature of the technology platform
(henforth, ’technological change’) and choices by individual firms (henceforth
’endogenous technology choice’) can be better understood with an illustration:
imagine a good that can be produced in two types of plants, one being an au-
tomatized factory with robots that need to be programmed. Its operation rests
heavily on skilled labour. The number of tasks that can be performed by un-
skilled workers is limited, perhaps to cleaning and guarding. The ’automatized
plant’ is therefore skill inensive and unskilled labour saving. The second type
of plant can be referred to as a ’hand and eye’ plant: robots are replaced by
unskilled workers, and the tasks that need to be performed by white collars are
reduced to supervision, training or organizing logistics. The hand and eye plant
is therefore skill saving.
There are two reasons why firms could wish to switch from a hand and eye
plant to an automotized plant: the first reason is that the arrival of an ICT
global technological platform leads to a greater improvement in an automatized
plant than in the a hand and eye plant. The second reason would be that
the number of unskilled workers has reduced, while skills became abundant -
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generating an interest in an unskilled labour saving, skill intensive production
method. This second reason is perhaps even more obvious than the first. It is
also not a novel economic theory, rather a simple application of the LeChatelier
principle. However it has not been yet explored as a potential cause for the 20th
century skill-premium outburst3. How can we decompose the two effects? How
much of the skill premium increase was driven by new technology choices at the
local level, and how much due to the global skill-biased technological change?
Answering these questions is one of the main purposes of this paper.
It is important to distinguish between the endogenous technology choice hy-
pothesis and the hypothesis in Acemoglu’s (1998, 2000, 2007, 2014), often called
the directed technology change hypothesis. If we were to classify the two to
strands of literature, the latter would be assigned to Hick’s (1932) and Samuel-
son’s (1965) induced technology change strand4, while the former is contained
in the LeChatelier strand of literature initiated with Samuelson (1960) paper.
Acemoglu’s papers assume that there is only one global technology (a single
production method) developed in a profit-maximizing, world scale R&D firm
and whose skill bias may be influenced by the relative number of skilled and un-
skilled workers. Instead, the endogenous technology choice hypothesis assumes
that, if there is a world-scale R&D centre, it develops a technology platform
that is only a basis for a development of a range of production methods - some
3The endogenous technology choice hypothesis appeared in labour economic literature:
Peri (2009) uses the hypothesis to explain why immigration has a negative impact on skill-
bias of technology and subsequently a very modest effect on low-skilled labour wages in the
United States. Caselli and Coleman (2006), who found a positive correlation between the
level of country GDP and skill bias of technology, argue that it can be driven by the fact
that less developed countries have a higher share of low-skilled labour and thus firms in these
countries choose the non skilll-biased technologies (they propose a formal model to describe
this argument - the model is used as a basis for the dynamic model presented in section 1.2).
However, to the knowledge of the author, no study has used the hypothesis to explain the
dynamics in college wage premium in the second half of 20th century.
4The idea that there might be a tradeoff between developing a technology that is aug-
menting one factor of production and developing technology that is augmenting other factor
dates back to Hicks (1932) and Samuelson (1965). Acemoglu’s papers are probably the most
complete and the most well known continuation of this tradition. An interesting alternative
to Acemoglu’s setup is the paper by Ruiz-Arraz (2003), that explores the impacts of directed
technology changes using a translog production function.
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being more and some being less skill-biased. The production methods that are
chosen depends on individual final-good producers. As a result, while directed
technological change predicts that the supply of skills affects technology at the
global level, the endogenous technology choice predicts that the skill-bias of the
production methods in any country depends on the choices of the firms that are
influenced by the local (country-level) skills supply.
Is the distinction between the changing nature of the technology platform
and the shift of technology choices important? In fact, the two concepts are
very closely related - both imply the change in the production methods. Yet
the differences might turn out to be crucial. Firstly, the shift in technology
choices does not have to happen during a major technological change. Thus in
the future we might observe rapidly a changing skill premium structure, even
if we will not observe any change in general purpose technology. Secondly,
and probably more importantly the technology choices of firms appear to be
much more predictable and influenced by the policy than the changes in the
nature of general purpose technology. The direction of GPT is highly random,
depending more on the wild nature of discoveries rather than any government
policies. In turn, the technology choice hypothesis implies that the firms’ skill
bias will respond to any policy that governs the supply of skilled and unskilled
labour. For instance, a policy improving early age education or extending the
retirement age for less skilled workers can incentivise firms to pay more attention
to production methods that favours this kind of workers. Through the effect on
technology choices, these policies will have a negative effect on wage inequality.
Policy makers may wish to take this effect into account. Finally, even if we
assume that the direction of the GPT nature change might be as responsive to
policies as firms’ technology choices, the control of GPT direction would need to
involve coordinated world-scale actions. Instead, the technology choices of firms
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depend on the local labour market conditions. This has two implications: the
first is that each government can influence technology choices and further, wage
inequality independently of the other governments. The second implication is
that the model that incorporates the endogenous technology choice argument
might predict a variety of wage inequality dynamics across countries.
There are four parts in the paper: The first step is to present a model which
can frame both, the technology change and the technology choice hypothesis.
The model is found in section 1.2. In essence, it is a dynamic extention of the
model by Caselli and Coleman (2006).
The second step is to propose an empirical identification strategy to calibrate
the theoretical model. The key challenge is determining how to econometrically
distinguish the effect of technology choices from the effect of directed techno-
logical change. The idea to isolate the two is based on the presumption that
the change of the nature of the technology platform must have global conse-
quences (at least if we focus on developed countries). In turn, the technology
choice hypothesis involves changes in skill premium as a response to changes in
the conditions of local labour market (i.e. the local relative supply of of skilled
labour). As a result, the technology choice hypothesis predicts an increase in
the skill wage premium above the average international increase, in countries
that have also experienced an above average increase in the skilled labour sup-
ply. I devise an empirical model that exploits the cross-section and time-series
variation in the data to calibrate the theoretical model. The results implies that
approximately one third of the skill premium increase across OECD countries
can be explained with the endogenous technology choice hypothesis, while the
remaining two third can be exaplined by the skill-biased change in the nature
of GPT.
The identification strategy, designed originally for calibration purposes, has
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in fact uncovered an interesting regularity in the data. The regression results
imply that countries that did experience increases in skilled-labour supply higher
than other countries have also witnessed larger increases in skill premium. The
coefficient is statistically significant and predicts a 0.22% increase in skill pre-
mium after a 1% increase in relative skill supply. This result is interesting on
its own and certainly deserves a further investigation. In section 1.4 I pursue an
exploratory econometric analysis. In the empirical section I find that the result
is unlikely to be driven by trends in globalization, the fall of trade unions or in-
stitutional differences between countries. Finally, I show that reverse causality,
if present, should bias the coefficient downward. The endogenous technology
choice at a national level is therefore left as the most plausible explanation for
the result.
However, there might be other mechanisms that offer similar predictions. I
present and formally describe two such mechanisms: the spillover effect (higher
density of skilled labour helps each skilled worker to utilize the technology and
thus increase her productivity) and the incentive for adoption of ICT effect (more
skilled workers implies firms have more incentive to adopt the ICT technology,
which is skill biased by nature). I argue that each of these hypothesis is not
plausible separately, however, they might compliment well with the endogenous
technology choice effect.
Interestingly the effect of lagged skill supply on skill premium starts to vanish
at the beginning of the 21st century. I present three possible explanations for
this observation: first, as explained in the theoretical section, a delayed response
of skill premium to skill supply will take place only if the shock to supply of
skills was unanticipated. This could have been true in the 70s, but it becomes
less likely in the 90s. The second possible reason is that over time, the labour
market between countries became more integrated. Under the mobility of skills,
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we would expect the skill premium to become more exogenous, less responsive to
local demographics and more dependent on global factors. The last reason could
be that adjustment of technological choices is easiest to be performed duirng a
time of a major technological change - such as a diffusion of information and
communication technology in the 80s. Putting this last hypothesis in the context
of previous discussion, possibly global technological change is necessary to grease
endogenous technological choices.
In the appendix, I return to discussing the theoretical foundations of the
endogenous technology choice. The heart of the hypothesis is the presence (at
any point in time) of a tradeoff: firms might choose between technologies that
assign higher productivity to skilled workers and those that assign higher pro-
ductivity to unskilled workers. The derivation of this tradeoff is therefore vital
for the entire model. In the appendix, I demonstrate how the R&D process in
which researchers invent a finite number of production processes might generate
the trade-off between two types of technologies.
1.2 Endogenous Technology Choice Model.
In this section, I present a simple dynamic model 5 which illustrates how the
labour supply might affect the endogenous technological choice and further, the
skill premium. The model sets the basis for the empirical framework introduced
in the next section.
Consider an economy with one final product. Suppose that a given technol-
ogy platform offers a menu of production methods for generating this product,
each of them utilizing two inputs - skilled and unskilled labour - but each of
them characterized by different productivity parameters. In particular, suppose
that production methods i in the menu offered by the platform is characterized
5The model presented here is a dynamic extention of the model by Caselli and Coleman
(2006)
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with the following production function:
Fi = [(AisLs)
σ
+ (AiuLu)
σ
]
1
σ (1)
where Ls and Lu stand for skilled and unskilled labour inputs, and Ais and
Aiu are the productivity parameters for the two types of labour associated with
production method i. Apart from choosing the quantities of labour inputs, the
firm can also choose a technology from the menu. The menu of production meth-
ods is determined by the current GPT (technology platform) and is described
by the set of pairs (Ais, Aiu) that satisfies
1
γ
Aωis +A
ω
iu ≤ B (2)
Since every production method is fully characterized by the (Ais, Aiu) pair,
it can be represented as a point in the As, Au space. Further, the menu of
technologies offered by the technology platform may be represented by the set
of points satisfying (2). Figure 1 gives two examples of such sets differing in the
values of γ.
The key point to be noticed in the figure is that given technology platforms,
the firms face a tradeoff between technologies that give highly productive roles
to skilled workers and those that assign a highly productive role to unskilled
workers. This is indeed the central assumption of the model and the entire
technology choice hypothesis. Is it justifieble?
1.2.1 Potential sources of the trade-off between productivities
For simplicity of the argument in the above mode,l the trade-off between the
two productivity parameters at the frontier is explicitly imposed although there
are various models in which it will come up naturally. One way to generate the
16
Figure 1: Production methods menu for two different values of gamma.
trade-off is to introduce in the model the costs of the adoption of technologies
for the firms (in terms of units of their final output). The more advanced the
technology it aims to adopt, the higher is the cost of adoption. Suppose there
are two types of machines, each assisting different type of labour. Adopting
advancements in the machines that assist skilled workers and in the machines
that assist unskilled workers has different cost: cγ and c respectively. The firm
optimization problem can then be stated as:
max
Ls,Lu,As,Au
[(AsLs)
σ
+ (AuLu)
σ
]
1
σ − wsLs − wuLu − c
γ
Aωs − cAωu
The firm will therefore face the trade-off - it might spend less on the unskilled
dimension of the technology but advance more on the skilled dimension of the
17
technology, or vice versa. The trade-off will be rulled by the relative cost of
adoption parameter γ. The model in this version is elaborated further in the
appendix A in the subsection A1.1.
Another model would be one that treats production methods as randomly
generated objects. Imagine a Science University that has just devised a new
civilizational milestone (such as steam power , semi-conductors, or radioactive
decay). The finding has been passed to the Engineering Institute that will try to
determine how to combine the new scientific discovery and two types of labour
inputs to generate a final good. In fact, they might have various ideas on how
to do it, and each idea will involve some degree to which the newly discovered
law of nature can compliment the work of skilled and unskilled workers. Thus
each idea can be represented with the production function (1) with parameters
(Ais, Aiu).
The ideas (the pairs (Ais, Aiu) that engineers could determine) depend partly
on chance and partly on the nature of the scientific discovery made in the Science
University. Therefore we might think about each idea, or rather a pair (Ais, Aiu)
that characterize it, as a draw from the bivariate distribution whose parameters
depends on the nature of the discovery (some discoveries might be skill-biased
by nature in the sense that the explored law of nature compliments ideally with
the effort of educated workers - then engineers have much higher chances of
finding out the production methods with very high As). Engineers might have
n ideas and thus n production methods (with n associated (Ais, Aiu) pairs) will
appear as possibilities to be picked up by firms around the globe.
Now consider figure 2 (either right or left panel) that illustrates n random
draws from the bivariate distribution. For a moment, let’s focus on the draw
that assigns the highest value to As - i.e. the skilled workers productivity
parameter. We would expect the probability that this draw happens also to
18
Figure 2: Production methods possibilities in space of the productivity of unskilled
workers vs. the productivity of skilled workers. The panel on the left shows the case
of the skill-biased technological platform. The panel on the right presents the case of
the skill-neutral technological platform.
assign the highest value of Au, the productivity parameter of unskilled workers
among all the n draws (i.e. that the quarter east-south to that point is empty) is
rather low. The existence of the other point that would assign a higher value of
Au and lower value of As then implies a trade-off between the two. Intuitively,
although researchers at the Engineering Institute working on utilization of ICT
technology have high chances of designing a production method in which the
skilled workers play the key role and unskilled workers play very modest role,
it is likely that they came up with a different production method in which the
role of unskilled workers is more significant (and the role of skilled workers is
less significant).
To illustrate this idea with the example, suppose there are two ways of pro-
ducing output: one is a fully automatized factory where most of the task are
performed by skilled labour (e.g. programming robots) while unskilled work-
ers perform less important tasks (such as cleaning, guarding etc.). The other
way is the production side on which unskilled workers perform the key produc-
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tion tasks while technology and skilled labour assist them by analyzing mistakes,
supervising, organizing logistics and training to maximize unskilled workers per-
formance. Comparing to the former production method the latter production
process generates higher demand for unskilled workers.
More generally the model captures the idea that, no matter what is the
nature of the current state of science, what were the milestone discoveries, if
engineers are able to devise a production method in which the role of unskilled
workers and technology is only to assist skilled workers it is very unlikely that
they cannot come up with the idea to utilize the milestone discovery in the pro-
duction method in which the role of skilled workers and technology is limited
only to assisting unskilled. The availability of such two production methods
implies then a trade-off between productivity of skilled and unskilled workers.
Subsection A1.2. in the appendix discusses this idea in more detail and illus-
trates it with a formal model. In proposition 2 in that subsection I demonstrate
that the prediction of that model is the same as the predictions of the model in
section 1.2, in which the tradeoff is assumed.
1.2.2 Characterization of the equilibrium
The introduction of new GPT (or technology platform) will involve the changes
in γ and B parameters and thus the change of the menu of available production
methods. If the technology platform becomes more skill-biased, it will offer
opportunities of production methods that make very good use of a skilled worker.
In the framework presented above, this will involve appearance of possibilities
to choose production functions with very high productivity parameters for high-
skilled workers. We can capture it in the model as an increase in the γ parameter.
Figure 2 illustrates how the menu of available (Ais, Aiu) pairs changes when the
platform becomes more skill-biased (i.e. γ rises).
Since dynamics play important role in the empirical analysis, we shall incor-
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porate them in the theoretical model. I assume that firms cannot immediately
switch technology in response to changes in labour market conditions. This
reflects the fact that firms first have to spot the change in the labour market,
then they have to develop a new strategy, replace the technology (perhaps by
replacing capital goods) and train workers until the new production method op-
erates at its full potential. Therefore, I assume that firms can choose technology
only for the next period - the current technology of the firm was determined one
period before.
The firm’s value function is then:
V (As, Au, Ls, Lu) =
max
A′s,A′u,Ls,Lu
{
[(AsLs)
σ
+ (AuLu)
σ
]
1
σ − wuLu − wsLs + βE [V (A′s, A′u, L′s, L′u)]
}
subject to 1γA
′ω
is + A
′ω
u ≤ B . x′ denotes the value of the variable x next
period. The first-order conditions for technology choices are
dE [V (A′s, A′u, L′s, L′u)]
dA′s
= λ
1
γ
ωA′ω−1s
dE [V (A′s, A′u, L′s, L′u)]
dA′u
= λωA′ω−1u
and the envelope conditions are
dV (As, Au, Ls, Lu)
dAs
= β [(AsLs)
σ
+ (AuLu)
σ
]
1
σ−1 (AsLs)
σ−1
Ls
dV (As, Au, Ls, Lu)
dAs
= β [(AsLs)
σ
+ (AuLu)
σ
]
1
σ−1 (AuLu)
σ−1
Lu
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Combining all the above conditions:
E
[[
(A′sL′s)
σ
+ (A′uL′u)
σ] 1σ−1 (A′sL′s)σ−1 L′s]
E
[
[(A′sL′s)
σ
+ (A′uL′u)
σ
]
1
σ−1 (A′uL′u)
σ−1
L′u
] = A′ω−1s
γA′ω−1u
Log-linearizing and applying the approximation6 log (E [x]) = E [log (x)]:
log
(
A′s
A′u
)
=
1
ω − σ log (γ) +
σ
ω − σE
[
log
(
L′s
L′u
)]
This condition already reflects the fact that the higher the (expected) number
of skilled workers is in the economy (relative to number of unskilled), the more
skilled-biased technology will be chosen by the firm.
If we combine this result with the first-order conditions for labour choices,
we find that
log
(
ws
wu
)∣∣∣∣
t
= − (1− σ) log
(
Ls
Lu
)∣∣∣∣
t
+ σ log
(
As
Au
)∣∣∣∣
t
=
− (1− σ) log
(
Ls
Lu
)∣∣∣∣
t
+
σ
ω − σ log (γ)
∣∣∣∣
t−1
+
σ2
ω − σEt−1
[
log
(
Ls
Lu
)∣∣∣∣
t
]
The first term is the standard effect associated with diminishing returns to
each type of labour: if we increase the number of skilled workers (relative to
unskilled), the skilled workers will become (relatively) less productive and earn
smaller skill premiums.
6This approximation is correct if the variance of the relative supply of skilled labour,
log
(
Ls
Lu
)
, is small and firms before time t do not expect any rapid changes in relative skilled
labour supply. If we focus on the optimization problem of firms in the early 70s, this is exactly
what would be expected: until then the number of skilled workers grew steadily in a constant
trend, and the deviations from this trend were marginal. At the beginning of the 70ss firms
could have believed the variance of relative skilled labour is very low. Later, it turned out that
they were wrong, since the supply growth increased. The unexpected change in the variation
is important for the identification, as explained later, in section 1.3.1.
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The second effect is associated with exogenous change in the nature of the
technology platform: If the technology platform becomes more skill-biased (γ
increases), the menu of available production methods will now include numerous
production processes that involve a high productivity of skilled workers. The
firms will respond to this change in opportunities with a shift of opimal produc-
tion method choices towards the ones that favour skilled workers. This will in
turn increase their relative productivity and skill premium.
Finally, the third term captures the key mechanism of the endogenous tech-
nology choice hypothesis: a higher (expected) number of skilled workers gives
an incentive for firms to choose the production method that fits skilled workers
better. As a result, their relative productivity increases and so does the skill
premium.
To close the model we should model the supply side of the labour market.
For simplicity of the analysis, I assume that the relative supply of skilled workers
is exogenous and follows a random walk with drift process:
log
(
Ls
Lu
)∣∣∣∣
t
= log
(
Ls
Lu
)∣∣∣∣
t−1
+ µ+ ξt
where ξt is an iid disturbance term. The assumption on the exogeneity of
the skills supply is discussed in the empirical section.
We could also model firms’ expectations about next period’s relative supply
of skilled labour. Given that relative supply of skills follows a random walk with
drift, firms base their expectations on the current relative supply of skills:
Et−1
[
log
(
Ls
Lu
)∣∣∣∣
t
]
= log
(
Ls
Lu
)∣∣∣∣
t−1
+ µ
Collecting all these conditions, we find that the equilibrium skill wage pre-
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mium is determined as:
log
(
ws
wu
)∣∣∣∣
t
= − (1− σ) log
(
Ls
Lu
)∣∣∣∣
t
+
σ
ω − σ log (γ)
∣∣∣∣
t−1
+
+
σ2
ω − σ
(
log
(
Ls
Lu
)∣∣∣∣
t−1
+ µ
)
(3)
The skill wage premium depends therefore on the exogenous changes in cur-
rent relative supply of skilled labour, the skill-bias of the global technological
platform and last period relative supply of skills, since the latter was used by the
firms’ last period to form predictions about the current relative supply of skills.
The relative supply of skills at time t, log
(
Ls
Lu
)∣∣∣
t
is going to be correlated with
firms’ prediction,
[
log
(
Ls
Lu
)∣∣∣
t−1
+ µ
]
. The amount of the correlation depends
on the size of the unexpected shock to the relative supply of skills, ξt.
1.3 Calibration of the Model
In this section, I design and estimate the empirical model to determine the
extent to which new technology choices (motivated by a skilled labour supply
increase) could have contributed to the overall increase in skill premium. In
section 1.4 I investigate whether there is evidence for the causal impact of the
relative skill supply on national-level technology choices and thus on the skill
premium.
The empirical model can be directly derived from equation (3). The equation
is restated below:
log
(
ws
wu
)∣∣∣∣
t
= − (1− σ) log
(
Ls
Lu
)∣∣∣∣
t
+
σ
ω − σ log (γ)
∣∣∣∣
t−1
+
+
σ2
ω − σ
(
log
(
Ls
Lu
)∣∣∣∣
t−1
+ µ
)
(4)
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1.3.1 Identification
The callibration of this model involves two identification problems: first, we
have to isolate the effect of the actual increase in the relative skills supply (the
first term in the equation above will decrease skill premium due to diminishing
returns to skilled labour) and the effect of the expected increase in the relative
skills supply (the last term in the equation above will increase college wage
premium as firms wish to adjust their technology choices based on a higher
number of skilled workers). If the expectation is exactly the same as the actual
change, the identification of the two effects would not be possible. The firms,
however, cannot perfectly forecast the future supply of skills and we can exploit
this fact for the identification.
The second identification problem is to isolate changes in the global tech-
nological platform from new choices of technologies driven by the increasing
number of skilled workers. For this purpose, we are going utilize the fact that
the growth in the number of skilled workers varied across countries. Thus we can
use a cross-section of the data to isolate the role of technology choices from the
role of global technological change. The assumption that is required for identifi-
cation is that, within OECD, all countries face the same technology platform –
i.e. that access to all available production methods is free among all developed
countries. Therefore, the parameter γ will be considered as global and will be
indexed by the time but not by the country index. 7
The model should take into account that some countries might have tra-
ditionally different productivities of skilled and unskilled labour, perhaps due
7In fact the assumption might be much less restrictive: countries technology platforms
might be characterized (see equation (2)) by different B parameter (thus we allow some
countries to have higher overall productivity). Furthermore given that the estimation uses
a first difference regression (as described later) at any moment of time the countries might
face different γ parameter (that captures the skill-bias of technological platform, the menu of
available production methods, see equation (2)). In fact the only restriction needed is that
the change of γ parameter should be uncorrelated with the country growth of relative skills
supply.
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to the differences in educational systems and the skilled workers’ productivity,
relative to unskilled workers’ productivity in some countries is lower than in
others. To account for this fact, I include country fixed effects in the empirical
model.
The above observations and assumptions help to form the following empirical
model:
wit = α1lit + α2lit−5 + α3lit−10 + dt + ci + εit
where wit = log
(
ws
wu
)
, lit = log
(
Ls
Lu
)
in country i at time t and dt and ci
are time and country fixed effects. 8.
Because the country fixed effect might be potentially correlated with skills
supply (e.g. a more egalitarian education system that decreases the skill pre-
mium might also discourage higher education, affecting the skills supply), it
might potentially bias the estimates. One way to remove this problem is to look
at the above equation through first differences:
4wit = α14lit + α24lit−5 + α34lit−10 + dˆt +4εit (5)
Perhaps we can gain an additional clarity if the above equation is rearranged
into:
(4wit −4wt) = α1 (4lit −4lt) + α2 (4lit−5 −4lt−5)
+α3 (4lit−10 −4lt−10) +4it
where bt is the cross-country average of variable b at time t and it = εit−εt.
Therefore, the effect that we actually meassure with the coefficients α2 and
8I use both, five and ten years lags since it is difficult to assume apriori how long is the
adjustment time for technology
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α3 is the impact of the deviation of skill supply growth from the average inter-
national growth on the deviation of the growth in college wage premium from
its globally-observed growth. Putting it differently, we can examine if countries
that experienced growth in the number of college graduates higher than that
of other countries also experienced higher growth of college wage premiums a
decade later. If this did occur, there must be some country-level mechanism that
generates this dependence. In this section, I will attribute this dependence to
endogenous technology choices. The estimation of the parameters will therefore
serve to determine a possibility result on how large the role of the adjustment
of technology choices in shaping the dynamics of wage inequality was.
In section 1.4, I will discuss other potential local-level mechanisms that could
explain the dependence of skilled premium growth on past skill supply growth.
However, it turns out that it is difficult to explain the result with any explanation
other than the endogenous technology choice hypothesis.
1.3.2 Data
The source of the data is the EU KLEMS dataset, 2008 release, covering an-
nual data between 1970 and 2005 for 23 countries (although the panel is not
balanced). The data contains information on total hours worked and total
compensation for three groups of employees: highly-skilled (those with at least
a tertiary education), medium-skilled (those with a secondary education) and
low-skilled (those with at most a primary education).
To simplify the analysis and maintain clarity I merge the low-skilled and
medium skilled worker groups into one group of “unskilled” workers. Because
the hours of medium-skilled work might be worth more than the hours of low-
skilled work in the computation of unskilled labour supply, I use the standard
approach to weight the medium-skilled workers’ hours by their productivity,
relative to the low-skilled workers’ productivity. Hence unskilled labour supply
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is computed as Lu = Ll+(wm/wl)Lm. As a result, the labour supply of unskilled
work is measured in terms of low-skilled hours equivalents.
To avoid potential problems with cyclicality, I use only the datapoints in
1970, 1975, 1980, 1985, 1990, 1995 and 2005 and meassure the differences over
5-year periods. Obviously the 5-year difference is effectively an average of the
annual differences in a 5-year period.
1.3.3 Regression Results
The results from the random effect regression are presented in table 1, column
2. As predicted by the model, the coefficient on the current change in skills
supply is negative; this reflects the diminishing returns to skilled labour. The
effect is substantial (the 10% increase in relative skill supply is associated with
the 8% drop in skill premium), though very close to the estimates obtained by
Katz and Murphy (1992) in the similar regression of the skill premium series
on the skill supply series using US data. Nevertheless, as mentioned above, this
result should not be taken as a causal effect due to the likely reverse causality.
The results also show a significant positive effect of past increases in the
relative supply of skilled labour. The effect is also substantial in economic
terms: a 10% increase in the relative skill supply involves a 2.2% increase in
the skill premium. Interestingly, the time needed for the change in relative
labour supply to be reflected in the change in skill premium is rather long: the
coefficient is positive and significant only for the relative skill supply lagged by
10 years. The coefficient on the five year lag is not significantly different from
zero and in fact negative.
An important remark on the regression result is a warning that the positive
coefficient on the lagged skill supply does not imply that the increased supply
of skills brings in the long run an increase in skill premium. If we take the Katz
and Murphy estimates of the slope of demand (reconfirmed later by the more
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(1) (2) (3)
skills supply growth {t} -0.804*** -0.825*** -0.803***
(0.125) (0.133) (0.126)
skills supply growth {t-5} -0.255* -0.224 -0.253*
(0.144) (0.154) (0.145)
skills supply growth {t-10} 0.218** 0.217** 0.225**
(0.09) (0.097) (0.092)
d85 -0.006
(0.05)
d90 -0.03
(0.048)
d95 0.013
(0.038)
d00 0.013
(0.037)
year 0.001
(0.002)
constant 0.167*** 0.163*** -1.466
(0.026) (0.033) (4.181)
Rsquare: 0.5803 0.5887 0.5816
Table 1: The dependent variable is five years change of college wage premium
(in logs). The independent variables are the 5 year change in the ratio of college
graduates to remaining part of labour force (in logs), its 5 and 10 years lags and
dummy variables for each year (or linear trend). All estimations comes from
Random Effect regressions.
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careful instrumental variable estimates in Ciccone and Peri (2005) and by the
results of regression in Table 1), an increase in relative skill supply leads first
to an approximately 7% drop in skill premium. If we use estimates from the
regression results, we will expect the skill premium to rebound in a decade and
increase by approximately 2%. This means that the initial level of skill premium
will not be restored, and the long run effect of skill supply on skill premium will
be a 5% drop.
At this stage we can calibrate the model from section 1.2 and calculate the
contribution of an endogenous technology choice in the total increase in skill
premium. Since a number of countries do not have observations before 1980,
I will consider the period of 1990-2005. Over these 15 years, the relative skill
supply in 12 OECD countries (that have data for entire period) increased by
32%. Using Katz and Murphy estimates of demand curve, that should translate
into an 18% drop in skill premium. Instead, the skill premium in this period
increased by 28%. This leaves a 56% of unexplained wage increase (0.193 log
points). In the period of 1980-1995, the relative skills supply increased by 90%.
This, according to the model and the estimates above, should lead to a 15%
(0.062 log points) increase in skill premium due to the endogenous technology
choice between 1990 and 2005. The residual increase left is then 35% (0.131 log
points), which can be probably attributed to skill-biased technology changes.
This leads to the conclusion that endogenous technology choice can explain
32% (0.062 out of 0.193 log points) of the increase in skill premium that could
not be explained in the standard demand-supply (Katz and Murphy model)
framework.
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1.4 Empirical Investigation
The empirical results presented above indicate that skill premium dynamics
are not explained solely by global factors (such as the nature of general pur-
pose technology), but are also shaped by mechanisms operating in local labour
markets. For some readers, the observation that countries which experienced
a higher growth of skill premium have also witnessed a higher growth of skill
supply a decade earlier could be the most interesting result of this paper. In
section 1.2, I have shown one possible explanation for this correlation: changes
in the labour market might change the optimal production method choice from
the set of available technologies. In subsections 1.4.1 -1.4.3, I present several
alternative explanations, and I discuss whether they could be supported by the
regression results. In subsection 1.4.4, I investigate whether the effect is stable
over time. Interestingly, the correlation between the growth of skill premium
and the lagged growth of skills supply weakens over time. I discuss several
explanations for this finding.
1.4.1 Endogeneity
Operating in the context of labour market equilibrium, it is important to keep
in mind that the relative productivity and relative wage will impact the relative
skills supply. Although this should bias the estimated effect of the current skills
supply on the current skill premium, it is not obvious why it would drive a
correlation between past skill supply and current skill premium. It is not likely
that workers can predict that the growth of college wage premiums in their
country will be higher than in other countries in a decade. Second, even if
they could predict this, it is not obvious why the change in relative skill supply
should depend on the growth of the college wage premium a decade later. If
workers who consider attending college in 1990 predict that in their countries
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the college premiums will grow substantially, they may be more keen to attend
college. However, the same is true for workers in 1985 and earlier.
However, the endogeneity could bias the results if the error terms in the
regression are serially correlated. Suppose that one country experienced an
exogenous positive shock that increased the skill premium both in the 70s and
80s. Since the change in skill supply may depend on the current changes in skill
premium, a country will witness an increase in skills in the 70s. Hence the same
exogenous shock could lead to skills accumulation in the 70s and skill-premium
growth in the 80s.
To illustrate this logic more formally, assume that the innovation for the
level of skill wage premium (in deviation from the international level) follows
the IMA(1,1) process:
wit − wt = Xα+ it
where X is the set of controls in the regresssion and
it = ηit + βηit−10 + it−10
It follows that the change in the innovation can be expressed as:
∆it = ηit + βηit−10 (6)
The source of the upward bias of the results might be the MA component
in the innovation in the skill premium. The MA components are associated
with the factors that impact the increase (or decrease) of the skill premium
(relative to an international increase) over the 5 year period (the time period of
the observation). This might be due to a change in the labour or tax policies
or a change in the education system that leaves a permament impact on the
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skill premium. Most of these factors are unlikely to lead to a further increase in
skill premium a decade later (it is difficult to imagine a tax policy reform that
would lead to an increase of the skill premium in the 80s and another increase in
the 90s). The exceptions might be globalization and a decreasing importance of
trade unions (we could imagine globalization or trade unions collapse will lead
to an increase in the college wage premium over 20-30 years).
The differences in exposure to globalization across countries could indeed
be a factor that explains the result: countries that quickly becomes exposed to
globalization might experience a quicker growth of demand for educated workers.
This will encourage more workers to become skilled. If in the next decade the
same country continues to become exposed to globalization more than other
countries, the demand for educated workers might shift further, increasing the
skill premium. This would generate a spurious correlation between an increase
of the college premium today and growth of the college workforce ten years ago.
To control for the change in exposure to globalization, I include in the regression
the change of the ratio of export to GDP. The results are reported in the second
column (regression number (4)) in Table 2. The positive coefficient on the past
growth of the skill supply remains significant. Furthermore, it appears that once
the past growths of the skill supply are controlled for, the increase in export to
GDP ratio has no effect on the change in the skill premium. Although not
reported in the table, I have also included the level (rather than growth) of the
ratio of export to GDP. Again, this does not affect the results.
Another possibility is that the results are driven by the collapse of trade-
unions: if the number of unskilled workers drops significantly, this might un-
dermine the bargaining power of trade-unions and lead to an increase in wage
inequality. Moreover, this effect is likely to be delayed. Nevertheless, inclusion
of the change in trade union density does not change the results, as reported
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(2) (4) (5) (6)
skills supply growth {t} -0.825*** -0.822*** -0.793*** -0.786***
(0.133) (0.138) (0.132) (0.137)
skills supply growth {t-5} -0.224 -0.222 -0.242 -0.242
(0.154) (0.158) (0.151) (0.155)
skills supply growth {t-10} 0.217** 0.213** 0.191** 0.183*
(0.097) (0.101) (0.096) (0.1)
d85 -0.006 -0.007 -0.018 -0.021
(0.05) (0.052) (0.05) (0.051)
d90 -0.03 -0.028 -0.034 -0.031
(0.048) (0.052) (0.048) (0.051)
d95 0.013 0.015 -0.001 0.000
(0.038) (0.042) (0.038) (0.042)
d00 0.013 0.013 0.006 0.003
(0.037) (0.043) (0.036) (0.042)
supply of skills (level) -0.041* -0.042*
(0.024) (0.025)
change in union density -0.034 -0.053
(0.145) (0.142)
change in export to gdp ratio -0.006 0.004
(0.089) (0.087)
constant 0.163*** 0.161*** 0.274*** 0.272***
(0.033) (0.036) (0.072) (0.075)
Rsquare: 0.5887 0.5894 0.6143 0.6156
Table 2: The dependent variable is the five-year change of the college wage
premium (in logs). The independent variables are the 5-year change in the ratio
of college graduates to the remainder of the labour force (in logs), its 5- and
10- year lags, dummy variables for each year, the proportion of skilled labour
in total labour (lagged 10 years), 5- year change in ratio of exports to GDP (in
logs), and 5- year change in trade union density (in logs). All estimations come
from random effect regressions.
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in the second column (regression number (4)) of Table 2. It seems that trade
unions do not have a significant impact on the college wage premium in OECD
countries.
The argument that the results are unlikely to be biased by the autocorrela-
tion of changes in the college wage premium also comes from the the inspection
of the data. In almost all countries, the period of raising the relative skill supply
comes first, and only after certain time can the beginning of an upward trend
in skill premium be seen.
Another possibility is that the result is driven by the differences in the po-
tency to adopt ICT across countries. Specifically, countries which experienced
high growth of skilled labour a decade earlier are able to faster adopt new tech-
nologies which happened to be skill-biased. A large change in the skill supply
results in a higher stock of skilled labour, including engineers and scientists.
This might translate into a higher capacity to adopt technologies that were
just developed - like the ICT in the 80s. If the new technologies are (by na-
ture) skill-biased, a higher increase in skill premium in these countries will be
observed.
To check for this possibility, we can include in the regression a control for the
stock of highly-skilled labour (total hours worked) 10 years ago 9. The column
(5) in Table 2 shows that inclusion of this control does not change the results
significantly - the effect of a change in the skill supply on the change in the skill
premium is still siginificant at the 5% confidence level, and the coefficient has
dropped marginally to 0.19. The regression shows also that the stock of skilled
labour does not matter for the increase in the skill premium. The coefficient is
significant only at a 10% level, and in fact it is negative. Almost exactly the
same results are obtained if instead of controlling for the stock of skilled labour
9the lag seems to be necessary since we need to allow a time before the decision to adopt
a new technology and a point at which the effect of adoption will be reflected in wage data
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lagged 10 years, I control for the stock lagged 5 years and 15 years.
1.4.2 Spillover effect
The presence of spillover might be responsible for translating a higher skill sup-
ply into a higher skill premium. Suppose that how well a skilled worker uses a
technology depends on how many other skilled workers are around. This might
be because operating the technology requires a certain degree of experimenta-
tion, and sharing experience can facilitate the process and improve the outcome.
An illustrative example of such system of information exchange (although
in the context of depeloped countries) is presented in the work of Bandiera
and Rasul (2006). They studied the adoption of new crop varieties (a newly
introduced technology) among farmers in Northern Mozambique and found that
the output of the farmer depends crucially on the interaction with other farmers.
The effect does not have to be immediate - indeed it could be expected to
take time before new workers establish connections with the old ones, before
they trust each other, find a common language and learn how to utilize each
other’s experiences. Therefore, I would predict that the increase in the skilled
workers supply first drives down their productivity due to diminishing returns
to skills, but after a while the additional workers might contribute in knowledge
sharing and increase the productivity of every skilled worker. Thus, the spillover
effect can explain the pattern observed in the data.
To illustrate this line of thought, one might consider a formal model that
includes the spillover effect. The productivity of skilled workers (how well they
utilize the technology that is devoted to them) depends positively on the density
of skilled workers in the economy, which is approximated with the ratio LsLu
10.
With the amended production function, the profit maximization for the firm i
10I do not include a similar effect for unskilled workers since spillover in their case is less
likely. Nevertheless, inclusion of spillover for unskilled workers would not change the result.
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in country j is then:
max
Lijs,Liju
Pij
[((
Ljs
Lju
)β
AisLijs
)σ
+ (AijuLiju)
σ
] 1
σ
− wjsLijs − wjuLiju
The combination of the two first-order conditions then gives:
(
Lijs
Liju
)σ−1(
Ljs
Lju
)σβ (
Aijs
Aiju
)σ
=
wjs
wju
And denoting lij = log
(
Lijs
Liju
)
, lj = log
(
Ljs
Lju
)
, aij = log
(
Aijs
Aiju
)
and wj =
log
(
wjs
wju
)
:
(σ − 1) lij + σβlj + σaij = wj
Adding the time indices (that take into account that the effect of spillover
is not immediate):
(σ − 1) lit + σβljt−1 + σaijt = wt (7)
If firms are symmetric in the sense that they face the same aijt and the same
pijt, then the firm indices can be dropped:
(σ − 1) ljt + σβljt−1 + σajt = wjt
Therefore, the spillover model predicts that, following the increase in the
relative skill supply, the drop of the skill premium due to diminishing returns
to the skill supply is first observed; later, its increase is observed, due to the
spillover effect.
The problem with this hypothesis is that it cannot explain the long time
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lag (10 years) between changes in skill supply and changes in skill premium.
Although, as argued before, establishing connections and learning how to share
experiences might take some time, it is not plausible that some part of this effect
would not be observed in five years. Yet, the data show no positive dependence
of the skill premium on relatvie skills lagged five years.
The spillover effect might however play an important role if it is augmented
with the endogenous technology choice effect: suppose that the firm knows about
the spillover effects and it knows that a higher number of skilled workers implies
that new technology directed to skilled workers will be used more efficiently.
This creates additional incentive for the firm to shift towards such technology.
More formally, this logic can be placed in the model that follows.
The line of the logic is best protrayed in the version of the model in which the
firm has to pay (in the units of its final output) for the adoption of technology.
Moreover, the adoption of the technology that assists skilled workers and the
adoption of the technology that assists unskilled workers have different costs: cγ
and c respectively. Then, the profit maximization is given by:
max
Lijs,Liju,Aijs,Aiju
[((
Ljs
Lju
)β
AijsLijs
)σ
+ (AijuLiju)
σ
] 1
σ
−wjsLijs − wjuLiju − c
γ
Aωijs − cAωiju
Combining two first-order conditions with respect to Aijs and Aiju, we ob-
tain:
(
Aijs
Aiju
)σ−1(
Lijs
Liju
)σ (
Ljs
Lju
)σβ
=
1
γ
(
Aijs
Aiju
)ω−1
Again changing the notation, as above, and adding the time indices11:
11The choice of production method is based on the information from two periods back.
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(σ − 1) aijt + σlijt−2 + σβljt−2 = −ln (γt−2) + (ω − 1) aijt
Rearranging:
aijt =
ln (γt−2) + σlijt−2 + σβljt−2
(ω − σ) (8)
and referring back to the first condition (7):
(σ − 1) lijt + σβljt−1 + σ ln (γt−2) + σlijt−2 + σβljt−2
(ω − σ) = wjt
(σ − 1) lijt + σβljt−1 + σ
ω − σ ln (γt−2) +
σ2
ω − σ lijt−2 +
βσ2
ω − σ ljt−2 = wjt
Dropping the firm indices in the equilibrium (however, not merging the terms
in order to ease interpretation):
(σ − 1) ljt + σβljt−1 + σ
ω − σ ln (γt−2) +
σ2
ω − σ ljt−2 +
βσ2
ω − σ ljt−2 = wjt
As in the previous model (without the endogenous choice of technology),
there is a direct effect of spillover on skill premium (represented in the second
term) taking place after first period (that may be 5 years). However, if β is
small, this effect may be very limited and even improperly reflected in the data.
In addition to the direct effect, the spillover also has an indirect effect: since
the returns to investing in the skill-biased technology depends positively on how
well this technology is utilized and this depends in turn on the density of skilled
workers, the increase in the relative skill supply will incentivise firms to invest
more in skill-biased technology, thus providing an additional factor that shifts
the skill premium. However, this effect will be introduced only in the second
period since two periods are required before the firm spots the increase in the
relative skill supply and then implements the new technology. Moreover, the
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indirect effect of spillover (through incentivising a skill-biased technology choice)
might be stronger than the direct effect. If ω is not large and σ is not too far
from unity, the effect of spillover might appear only after second period.
1.4.3 Endogenous adoption of skill-biased technology.
Suppose that the technology choice mechanism does not work, and each tech-
nological paradigm offers only one new production method and firms cannot
choose between various production methods). Now imagine that new technol-
ogy paradigm (e.g. information and communication technology) and the (single)
production method it offers guarantees higher productivity for both skilled and
unskilled workers; however, compared to the previous technology it is clearly
skill-biased in the sense that it benefits skilled workers much more than the un-
skilled. Suppose that the adoption of this technology is very costly (e.g. involves
temporary loss of overall productivity) and not all countries want to immedi-
ately jump to the new production methods. One would expect that the first
countries to adopt the new technology (and consequently move to a higher skill-
premium) were the countries that can benefit most, i.e. those with a high stock
of skilled labour. This could potentially explain the empirical results: countries
with a high growth of skilled labour supply could have accumulated a high stock
of skills. Those countries would adopt the new, skill-biased production method
more rapidly and thus increase their skill-premium more than other countries.
Furthermore, the story may be continued beyond the first two periods: next
period, another new technology (even more skill-biased) may appear and again
countries that will adopt it first will be those with the biggest stock of skilled
workers.
This hypothesis is in fact testable: it would imply that the skill premium
increase should depend positively not only on the growth of skill supply but also
on the level of skill supply. Yet, this is disproved by the regression in column
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(5) of Table 2: there is no evidence that such positive association exist. The
hypothesis would not be also able to explain the experience of Korea, which has
reported a decline of relative skill supply and a decline of skill premium.
Nevertheless, elements of these mechanisms can be incorporated into the en-
dogenous technology choice model. It may be that the new technology platform
offers a range of production methods that boost skilled workers’ productivity
and only a few methods that improve unskilled workers’ productivity (in the
mode,l this is simply captured by the increase in γ and modest increase in B)
- indeed, it is very likely in case of ICT. All countries in such case will shift
towards more skill-biased technologies. However, the countries that have large
numbers of skilled workers and which before and after the change were oper-
ating relatively skill-biased technologies will witness a large jump away from
the old technology (since there are so many new opportunities in the corner
for skill-biased technologies) and, analogously, will experience a high degree of
adoption of new technology. Conversely, countries that had a high number of un-
skilled workers, and which always positioned themselves at the unskilled corner
of technolgy choices, will only move slightly away from their previous positions
(although they might move towards more skill-biased technologies, they will still
remain closer to the corner of unskill-biased technologies where not many new
opportunities had been offered by the new technology platform).
Yet, the model does not predict the effect of the stock of skills on the change
in skill premium - this is because countries with high stocks of skilled workers
were already using more skill-biased technology; therefore, if the technology
platform nature becomes more skill-biased itself, this will not have a higher
effect on skill premium in these countries than in any other countries.
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1.4.4 Stability of the effect
Interestingly, the positive effect of the supply of skills on future skill premiums
seems to be diminishing in recent decades. Column (8) in Table 3 reports
the results of the regression if the observations for years 2000 and 2005 are
excluded. Comparing these results to the original regression (column (2) in
Table 3) indicates that the coefficient on lagged growth of skills supply has
almost doubled. If in addition observations for year 1995 are excluded, the
coefficient increases further. In column (7), I also report the regression (for the
full sample) which includes an interaction between lagged growth of skills supply
and the time trend. The interaction term is negative and highly significant.
There are three possible explanations for these observations: first, as ex-
plained in the theoretical section, a delayed response of the skill premium to the
skill supply will take place only if the shock to the supply of skills was unan-
ticipated. This could have been true in the 70s, but it becomes less likely in
90s. The second possible reason is that over time, the labour market between
countries became more integrated. Under mobility of skills, skill premium would
be expected to become more exogenous, less responsive to local demographics
and more dependent on global factors. The last reason could be that the ad-
justment of technological choices is easiest to be performed during a time of
a major technological change - like a diffusion of information and communica-
tion technology in the 80s. Putting this last hypothesis in the context of the
previous discussion, possibly global technological change is necessary to grease
endogenous technological choices.
1.5 Concluding Remarks and Policy Implications
The purpose of this paper was to decompose the increase in the college premium
growth across OECD countries into the growth caused by global forces (such as
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full full before before
sample sample 2000 1995
(2) (7) (8) (9)
skills supply growth {t} -0.825*** -0.679*** -0.874*** -0.729*
(0.133) (.108 (0.139) (0.387)
skills supply growth {t-5} -0.224 -0.313*** -0.132 -0.103
(0.154) (0.122 (0.236) (0.547)
skills supply growth {t-10} 0.217** 83.598*** 0.415*** 0.461**
(0.097) (15.617) (0.106) (0.236)
d85 -0.006 -0.214*** -0.05 -0.016
(0.05) (0.056) (0.035) (0.071)
d90 -0.03 -0.134*** -0.053
(0.048) (0.043) (0.035)
d95 0.013 -0.054*
(0.038) (0.032)
d00 0.013 -0.015
(0.037) (0.029)
skills growth {t-10} X year -0.042***
(0.008)
constant 0.163*** 0.241*** 0.126*** 0.035
(0.033) (0.03) (0.030) (0.073)
Rsquare 0.5887 0.7504 0.8458 0.7747
Table 3: The dependent variable is a five-year change of the college wage pre-
mium (in logs). The independent variables are the 5-year change in the ratio of
college graduates to remained of the labour force (in logs), its 5- and 10- year
lags, dummy variables for each year, and the interaction term for the interaction
between the time trend and the 5-year change in the ratio of college graduates
to remained of the labour force lagged 10 years (in logs). All estimations come
from random effect regressions.
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skill-biased changes in the global technological paradigm, the new ICT) and the
growth driven by local (national-level) forces related to the supply of the college
workforce. I propose an empirical model which uses both the cross-section and
the cross-time variation in the data to separate global from local factors. I find
that countries with a higher growth of the college workforce experience a sub-
stantially higher college wage premium growth a decade later. Given that the
independent variable of interest is lagged ten years, it is unlikely that the result
is driven by reverse causality. The results of the regression which includes vari-
ous control variables suggest that the dependence is not caused by a decreasing
importance of trade unions, globalization forces, or the endogenous adoption
of ICT technology. In this light, the most plausible candidate to explain this
result is the endogeneity technology choice: if the number of college workers
increases, firms have an incentive to choose the production methods (technolo-
gies) that are better suited for skilled workers. This, after some time, drives up
the demand for educated workers and thus leads to an increase in the college
wage premium. Using the results of the regression, I might conclude that a
national-level mechanism driven by the supply of skilled workers (most likely
endogenous technology choice at the local level) can explain 30% of the increase
of the college premium in OECD countries.
To draw a policy implication, I need to consider all effects predicted by
the model. The framework presented in section 1.2 (and supported by empirical
evidence from section 1.3) predicts that the increase in the college workforce will
first lead to the fall of the college wage premium (due to diminishing returns to
skilled labour) and later (approximately in a decade) to its growth (due to the
fact that technology choices of firms will be adjusted to a higher supply of skilled
workers). The latter growth will be smaller than the initial drop, thus the net
effect of the college workers’ supply on their relative wages will be negative.
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One important lesson policy makers can learn from the model is that a
negative effect of the increase of the skill supply on wage inequality is smaller
than predicted by the previous studies based solely on the short-term analysis.
The second implication is that any unexpected increase in the college workforce
will produce a substantial fluctuation of the college wage premium (it will first
drop, then grow later). Such fluctuations might lead to suboptimal educational
choices of workers. A suggestion for the policymakers might be therefore to
implement policies increasing the number of college graduates gradually rather
than rapidly.
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2 Chapter II: Taste Heterogeneity, Elasticity of
Demand and Endogenous Growth
2.1 Introduction
In a 1950 paper, Edward Chamberlin opposed ”the supremacy of pure compe-
tition” and defended monopoly power of firms. He observed that allowing for
some monopoly power is a necessary condition for sustaining product diversity.
Further, he argued that variety might benefit the society because it gives a
higher chance that the individual needs of consumers are satisfied.
Nearly 30 years later, Dixit and Stiglitz attempted to formalize Chamberlin’s
argument in an economic model. Their model possessed two features that turned
out to be useful for other macroeconomic models: first, it endogenously gener-
ates product variety, and second, it provided a simple way to derive monopoly
power and avoid an infinite elasticity of demand for firms. In fact, the elasticity
of demand became a simple function of the elasticity of substitution between
goods. These two features made the framework a convinient setup for numerous
macroeconomic models.
Although the original motivation of Dixit and Stiglitz was to formalize
Chamberlin’s logic, the model is not an exact illustriation of his argument.
Specifically, although the model shows how monopoly power could be derived
from the consumers’ love for variety, the source of the love for variety in the
Dixit-Stiglitz model and in Chamberlin’s argument differ substantially. In the
Dixit-Stiglitz model, it originates from the convexity of indifference curves of
a representative consumer. Chamberlin in turn argued that variety is desired
because consumers’ tastes differ, and a higher number of products implies a
higher chance that the taste of an individual consumer will be matched.
To give an illustrative example, according to Chamberlin, the reason why
Mercedes and Lexus could both enjoy monopoly power is that there are con-
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sumers who value the former much more than the latter brand, and there are
other consumers who value latter more than the former. Hence, an increase in
price of one of the brands will have little impact on consumer choices. Accord-
ing to the Dixit and Stiglitz model, the reason why Mercedes and Lexus could
exercise monopoly power is that a representative consumer does not consider
the two brands to be perfect substitutes.
Intuitively, the Dixit-Stiglitz model and Chamberlin’s arguments are related:
a higher heterogeneity of taste in population of consumers would correspond to
a smaller elasticity of substitution of the representative consumer. However, no
formal link has been ever established.
The model presented in this paper is designed to fill this gap. By taking the
individual consumer optimization as a starting point, it sets the microfoundation
for the Dixit-Stiglitz model. It derives how the convexity of indifference curves
of the representative consumer (i.e. at the aggregate level) depends on the
elasticity of substitution of individual consumers and the variance of valuation
of goods by different consumers (heterogeneity of taste). It turns out that
the elasticity of substitution of the representative agent (and the elasticity of
demand for each good) can be written as a simple function of the two.
Relating the elasticity of substitution to taste heterogeneity has consequences
for any macroeconomic model that uses the Dixit-Stiglitz setup. One example
concerns the calibration of the model by Acemoglu, Aghion, Bursztyn and He-
mous (2012). One of the key predictions of their model is that a higher elastic-
ity of substitution between environmentally friendly and ”dirty” goods implies
higher social costs of delay in development of clean technologies. In the calibra-
tion, they consider only high values for the elasticity of substitution, arguing that
”we would expect successful clean technologies to substitute for the functions of
dirty technologies”. Although, from an individual consumer perspective, clean
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and dirty technologies, such as electric and traditional automobiles, appear to
be close substitutes, the relative valuation of the two types of technologies may
differ substantially between consumers. The same electric car will be highly
valued by a consumer in the city and provide little utility for the consumer
in the country. If elasticity of substitution for an individual consumer is high,
but the heterogeneity of taste between consumers is also high, the elasticity of
substitution for the representative consumer remains ambiguous.
Another example, which I discuss in detail in sections 2.4-2.6, is the evalua-
tion of Young’s (1998) endogenous growth model. The original Young’s model
predicts that the equilibirum long-run growth of the economy does not depend
on research subsidies, the total spending on R&D or the size of the economy.
Its only determinants are the parameters of the research process and the elas-
ticity of demand for goods. Since Young’s (1998) model is built on the Dixit
and Stiglitz framework, the elasticity of demand is solely determined by the
elasticity of substitution for the representative consumer.
In section 2.4, I combine the Young endogenous growth model with the
extention of Dixit-Stiglitz framework presented in this paper. The joint model
predicts that higher heterogeneity leads to a lower rate of quality improvement.
If the heterogeneity of taste is substantial, different consumers (or a group of
consumers) have very different valuations of one product and little market can
be gained by quality increase - those who have high valuation will buy the
product anyway, while those with low valuation (and likely high valuation for
other products) cannot be easily attracted by an increase in quality.
Interestingly, if technological progress is not driven by growth of quality, but
growth of the number of products, the result is opposite. Increase in hetero-
geneity increases growth.
Furthermore, a minor ammendment of the model presented in section 2.5
48
allows for an insight on the effects of income inequality on the GDP growth.
Given the logic presented above, it is expected that if a consumer’s income is
related to his or her tastes, higher income inequality should produce greater
taste heterogeneity and lower growth. The simulation of the model (due to
the loss of symmetry, the model can no longer be solved analytically) indeed
confirms this intuition.
Finally, in the last section, I notice that the heterogeneity in consumers’
valuation of a good can be reinterpreted as the uncertainty about a good’s
quality (e.g. prior to realization of the R&D process). The prediction of that
reinterpretted model is that a higher uncertainty should lead to a larger product
diversity - even if firms (or a planner) are risk neutral.
The remainder of this paper is structured as follows: section 2.2 describes
the related literature, section 2.3 shows how elaticity of substitution can be
presented as a function of taste heterogeneity meassure. Section 2.4 incorporates
this result in the framework of Young’s endogenous growth model to show how
taste heterogeneity could affect R&D spending, technological change and long-
run growth. Section 2.5 builds on the section 2.4 model to find how income
inequality, if correlated with taste heterogeneity, could impact technological
change and growth.
2.2 Related Literature
Chamberlin’s argument deriving monopoly power from the differentiation in
consumers’ tastes has been formally described with economic models by a num-
ber of authors. One may distinguish two branches in this literature. The first
consists of the models of spatial comptetion with the most prominent examples
by Hotelling (1929), Salop (1979) and d’Aspremont, Gabszewicz and Thisse
(1979). The second branch has been inspired by the econometric discrete choice
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theory (Manski and McFadden (1981) and Berry, Pakes and Levinsohn (1991)).
This approach postulates using stochastic utility function to model taste het-
erogeneity. It was first proposed by Perloff and Salop (1985) and then adopted
by Caplin and Nalebuff (1991) and Anderson, de Palma and Nesterov (1995).
The paper by de Palma, Ginsburgh, Papageorgiou and Thisse (1985) combines
the approaches from the two branches.
Contrary to all studies listed above, this paper is not an alternative to the
Dixit and Stiglitz model. Instead, it aims to extend the Dixit and Stiglitz
framework by allowing for heterogeneity of taste. As demonstrated in section
2.4, the compatability with the Dixit and Stiglitz framework allows merging the
heterogeneity model with other macroeconomic models using Dixit and Stiglitz
setup.
This paper is also closely related to the work by Anderson, de Palma and
Thisse (1988, 1989), who show the equivalence between demand generated by
the CES utility function and the logit model of the discrete choice theory. How-
ever, their model assumes that an individual consumer treats different goods as
perfect substitutes. In contrast, the model presented in this paper allows the
individual consumer to have a finite elasticity of substitution between goods.
The section of the paper that evaluates the microfoundation of Young’s
(1998) model aims to contribute to the literature of endogenous growth the-
ory without the scale effect. The novelty of this paper is the addition of a richer
demand structure analogous in some respects to the discrete choice theory - in
particular, papers by Perloff and Salop (1985) and de Palma, Ginsburgh, Pa-
pageorgiou and Thisse (1985), and relating growth to consumers’ heterogeneity
of taste. Endogenous growth models without scale effects are presented in pa-
pers by Paretto (1998), Aghion and Howitt (1998), Dinopoulos and Thompson
(1999) and Segerstrom (1998). I chose to base my model on Young’s framework
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since, relative to other papers, his model produces the clearest link between
growth and elasticity of demand with respect to quality.
2.3 Consumer’s Heterogeneity and Elasticity of Substitu-
tion
The number of goods in the economy is given by Nt. Consumers’ utility function
takes the CES form:
Uit =
 Nt∑
j=1
(θijλjtxijt)
ρ
 1ρ (9)
where xijt is the quantity of product j consumed by individual i at time t, λjt
is the quality of product j at time t and θij is the idiosyncratic taste parameter
12.
In order to explore different types of competition for customers, I will con-
sider two demand systems. In the first case, goods are imperfect substitutes for
the individual consumer (ρ < 1). As a result, everyone consumes all products
but possibly in different proportions. This partly addresses concerns raised by
Pettengill (1979) that the Dixit-Stiglitz framework predicts that all consumers
consume exactly equal (and very small) amounts of all products. One example
of an application is the model with different types of labour (e.g. high skill,
medium skill and low skill) as goods and heterogeneity of taste representing
heterogeneity of production functions across sectors.
In the second scenario, goods are perfect substitutes (ρ = 1) and consumers
choose only one product from the set of products available on the market. Again,
each consumer might have his/her own valuation of each brand. This specifi-
cation goes in line with discrete choice theory and corresponds to sectors like
automobiles or personal computers.
12time indices are added to ease the incorporation of this framework into Young’s endoge-
nous growth model in section 2.4.
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2.3.1 Imperfect Substitutes
In case of imperfect substitutes, corner solutions are ruled out. The demand of
consumer i for product j is given by:
xijt =
(θijλj/pj)
ρ
1−ρ∑
k (
θikλk/pk)
ρ
1−ρ
p−1j yi (10)
Notice that the value of φ =
(θijλj/pj)
ρ
1−ρ∑
k(
θikλk/pk)
ρ
1−ρ
can be interpreted as a fraction
of total real expenditure which consumer i is willing to spend on the purchase
of product j if prices and qualities of all goods are the same.
Integrating over consumers with different tastes provides the total demand
for good j:
Qj =
∫
. . .
∫
(θijλj/pj)
ρ
1−ρ∑
k (
θikλk/pk)
ρ
1−ρ
p−1j yig (θ) dθ
When choosing the optimal level of quality and price, firm takes qualities
and prices of others as given. The marginal change of quantity due to change
of prices will be given by:
dQj
dpj
=
−1
1− ρ
∫ ∫
...
∫ {
(θijλj/pj)
ρ
1−ρ∑
k (
θikλk/pk)
ρ
1−ρ
p−2j yi
−ρ
(
(θijλj/pj)
ρ
1−ρ∑
k (
θikλk/pk)
ρ
1−ρ
)2
p−2j yi
 g (θ) dθ
The elasticity of demand with respect to price will be given by
dQjt
dpjt
pjt
Qjt
= − 1
1− ρ
(
1− ρ
∫ ∫
...
∫
φ2ijyig (θ) dθ∫ ∫
...
∫
φijyig (θ) dθ
)
=
= − 1
1− ρ
(
1− ρE
(
φ2jy
)
E (φjy)
)
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If consumers’ income is uncorrelated with their tastes, the expression further
simplifies to:
dQjt
dpjt
pjt
Qjt
= − 1
1− ρ
(
1− ρE
(
φ2j
)
E (φj)
)
(11)
Thus elasticity of demand is fully characterized by the substitutability pa-
rameter ρ and the first two moments of the distribution of taste. In fact, in
statistics, D (φj) =
E(φ2j)
E(φj)
− E (φj) is the coefficient of dispersion of φ’s distri-
bution. The formula indicates that if these first two moments are the same for
all goods, the demand curve will be the same for all goods. If all goods also
have the same (upward sloping or flat) supply curves, the symmetric equilibrium
exists.
For future reference, I also derive the cross-price elasticity of demand. For
k 6= j
dQjt
dpkt
pkt
Qjt
=
ρ
1− ρ
E (φjφk)
E (φj)
Now define ψij =
θ
ρ
1−ρ
ij∑
k θ
ρ
1−ρ
ik
. If the distribution of tastes is symmetric in the
sense that E (ψj) = E (ψk), E
(
ψ2j
)
= E
(
ψ2k
)
and Cov (ψj , ψk) = Cov (ψj , ψh)
for any tripling of goods j, k and h and if all goods have the same supply
curve, then symetric equilibrium exists, pj = pk, φij = ψij , E (ψj) = 1/N and
Cov (ψj , ψk) =
D(ψj)
N(N−1) . Thus, under symmetry, we find that
dQjt
dpjt
pjt
Qjt
= − 1
1− ρ
(
1− ρD (ψj)− ρ
N
)
≡ − (12)
and
dQj
dpk
pk
Qj
=
ρ
1− ρ
(
−D(ψj)
N − 1 +
1
N
)
(13)
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The elasticity, ||, is a decreasing function of taste dispersion if ρ > 0 (goods
would be gross substitutes in the absence of heterogeneity) and increasing func-
tion of taste dispersion if ρ > 0 (goods would be gross compliments).
By analogous derivations, the elasticity of demand with respect to quality is
can be found:13
dQj
dλj
λj
Qj
=
ρ
1− ρ
(
1−D (ψ)− 1
N
)
≡ − 1 (14)
Corollary: Representative Consumer and Heterogeneity of Taste
Consider an economy in symmetric equilibrium (as defined above). Equations
(12) and (13) predict that the Walrasian demand for good j is
log (Qj) = − 1
1− ρ
(
1− ρD (ψ)− ρ
N
)
∗ log (pj)
+
ρ
1− ρ
(−D (ψ)
N − 1 +
1
N
)∑
k 6=j
log (pk) + log
( y
N
)
Now consider a consumer with utility function
U = ((0.5 ∗ xj)η + (0.5 ∗ xk)η)
1
η (15)
where η = −1
− 11
= ρ
1− 1N−D
1− 1N−ρD
. The Walrasian demand for good j in the
economy populated only by this consumer is exactly the same as the one stated
in equation (15). The consumer is therefore a representative consumer for an
economy with heterogenous agents with utility function from equation (9).
There are two points that follows this observation. First, for the economy in
symmetric equilibrium, the elasticity of substitution in the CES utility function
(or production function) is a function of taste heterogeneity. If ρ > 0, lower
13The two elasticities can be also expressed in terms of variance of ψ:
dQjt
dpjt
pjt
Qjt
=
− 1
1−ρ
(
1− ρNVar (ψij)− ρN
) ≡ − and dQj
dλj
λj
Qj
= ρ
1−ρ
(
1−NVar (ψ) + 1
N
) ≡ − 1
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values of η correspond to greater taste heterogeneity. If a model assumes very
high values of η implicitly, it assumes low heterogeneity of tastes.
Second, the corollary suggests that heterogeneity does not have to be explic-
itly modelled. Any model with CES utility function (or production function)
implicitly allows for heterogeneity of taste between consumers. Whenever an
analysis should account for taste heterogeneity of consumers, it is enough to
perform comparative statics for parameter η. There is no need to build a so-
phisticated model with heterogenous tastes of agents.
The Ideal Meassure of Heterogeneity
The choice of measure for taste heterogeneity is not trivial. First, two candidates
are the variance and the dispersion of φj , an income share devoted for good j.
If income share devoted to good j differs between consumers, it must be due to
taste heterogeneity. The spread of income shares devoted to good j across the
population may therefore serve as a measure of heterogeneity in preferences.
The major adventage of the two measures is that they are easily empirically
observable. Their major problem is that the distribution of φ is defined on the
simplex14 and therefore depends on the number of goods: if a new good becomes
available, the distribution of φ will change and thus its variance and dispersion.
In models where N is fixed, V ar(ψj) and D(ψj) can be treated as deter-
mined purely by factors outside the model. However, in models in which N is
endogenous, V ar(ψj) and D(ψj) can no longer be taken as exogenous. How
could we find the alternative? What remains exogenous is the distribution of
taste in the utility function, θ. Recall that θij is the idiosyncratic taste param-
eter, a weight each customer i puts on consumption of good j; since θij can be
any positive number chosen by the consumer and the sum
∑
θij does not have
14Since every consumer chooses an arrow (φ1, φ2...φN ) such that
∑N
j=1 φj = 1, the distri-
bution of φ is a multivariate distribution with simplex ∆N−1 as a support.
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to be unity, the distribution of θj can be completely independent of N .
A handy alternative meassure of heterogeneity of taste between consumers is
a coefficient of dispersion of θ
ρ
1−ρ
j , D
(
θ
ρ
1−ρ
j
)
15. Consider the case of symmetric
tastes, i.e. the same distribution of ψ for all goods. If the goal is to express
the right hand side of equation (12) in terms of D
(
θ
ρ
1−ρ
)
, the relation between
E(ψ2)
E(ψ) and D
(
θ
ρ
1−ρ
)
shall be found. The relation will depend on the particular
distribution of θ
ρ
1−ρ . An example of a distribution which allows for an elegant
closed form solution is the gamma distribution.
If θ
ρ
1−ρ ∼ Gamma (α, β) then the dispersion of θ
ρ
1−ρ is D = 1β and its ex-
pected value is µ = αD. Under the mean preserving spread - i.e. if upon increase
in dispersion, parameter α adjusts to keep the mean unchanged - the distribution
of income shares is Dirichlet, ψ = θ
ρ
1−ρ∑
k θ
ρ
1−ρ
∼ Dirichlet
(
µ
D ,
µ
D , ...,
µ
D
)
and
E
(
ψ2
)
E (ψ)
=
µ+D
Nµ+D
(16)
which is an increasing function of D for n ≥ 2.
If the assumption on the symmetry of distributions is dropped and the taste
for each product is allowed to follow its own distribution, θ
ρ
1−ρ
j ∼ Gamma (αj , βj),
then Dj =
1
βj
. The income share for product j is distributed according to
φj = (θjλj/pj)
ρ
1−ρ ∼ Gamma
(
αj , βj (λj/pj)
− ρ1−ρ
)
and its expected value is µj =
αj
βj
(λj/pj)
ρ
1−ρ = αjDj (λj/pj)
ρ
1−ρ . Again, under the mean preserving spread, the
distribution of income shares is Dirichlet, ψ = θ
ρ
1−ρ∑
k θ
ρ
1−ρ
∼ Dirichlet
(
µ1
D1
(λ1/p1j)
− ρ1−ρ , ..., µnDn (
λn/pn)
− ρ1−ρ
)
.
It follows that
E
(
φ2j
)
E (φj)
=
µj
Dj
(λj/pj)
− ρ1−ρ + 1∑
k
µk
Dk
(λk/pk)
− ρ1−ρ + 1
The expression is decreasing in Dj and increasing in Dk, implying that elasticity
15Perhaps a more natural meassure of heterogeneity would be V ar(θj) or D(θj). It turns
out, however, that such meassure involves much more problematic and less tractable deriva-
tions. In the appendix B, I show that, if θ
ρ
1−ρ
j is distributed with the gamma distribution,
the ralation between D(θ
ρ
1−ρ
j ) and D(θj) is positive.
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of demand for good j increases when the dispersion of θ
ρ
1−ρ
j across population
increases and decreases when the dispersion of θ
ρ
1−ρ
k with k 6= j increases. If
the dispersion of taste increases for all products by the same factor, elasticity
of demand for each product decreases.
2.3.2 Perfect Substitutes
It turns out that mathematical analysis of this case is complex, and some sim-
plifying assumptions on the distribution of idiosyncratic taste are necessary to
proceed. In particular, in this subsection we assume that θij is independently
and identically distributed across products (the assumption which is typical in
the discrete choice theory). Later, I will also assume that the log of θij follows
a logistic distribution. These assumptions reduce the generality of the prob-
lem but help with picturing the basic mechanism which this paper intends to
describe.
Under the perfect substitution case, consumer maximization can be written
as
Ui = max
N∑
j=1
(θijλjxij)
subject to the budget constraint
y =
∑
j
xijpj
In fact, this problem reduces to the simple choice of the product which gives
the highest value to the consumer:
Ui = max
j
{
θijλj
yi
pj
}
= max
j
{ln θij + lnλj + ln yi − ln pj}
To find aggregate demand for each product, I follow the same strategy as in
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Perloff and Salop (1985). The probability that consumer i prefers product j to
product k:
Pr (ln θij + lnλj + ln y − ln pj > ln θik + lnλk + ln y − ln pk) =
= Pr (ln θik < ln θij + lnλj − lnλk − ln pj + ln pk) =
= G (ln θij + lnλj − lnλk − ln pj + ln pk)
where G denotes the cumulative distribution function of θij .
Since θik is independent and identically distributed across products, I find
that the probability of choosing product j given θij is given by
Pr (j  1 ∩ ... ∩ j  j − 1 ∩ j  j + 1 ∩ ... ∩ j  N) =
=
∏
k 6=j
G (ln θij + lnλj − lnλk − ln pj + ln pk)
To find the aggregate demand for product j, I integrate over population:
Qj =
y
pj
L
∫ ∏
k 6=j
G (ln θij + lnλj − lnλk − ln pj + ln pk) g (ln θij) d ln θij (17)
I consider only the symmetric equilibria. This allows further simplification
of (17):
y
pj
L
∫
G (ln θij + lnλj − lnλ− ln pj + ln p)N−1 g (ln θij) d ln θij (18)
Now I am able to derive the elasticities of demand with respect to price and
quality. I start with the latter.
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Using (18) I obtain:
∂Qj
∂pj
pj
Qj
= −1− pjt
Qj
y
p2j
L
∫
(N − 1)G (ln θij + lnλj − lnλ− ln pj + ln p)N−2 ∗
∗g (ln θij + lnλj − lnλ− ln pj + ln p) g (ln θij) d ln θij
and since in symmetric equilibrium λj = λ and pj = p, this simplifies to
∂Qj
∂pj
pj
Qj
= −
(
1 +
pjt
Qj
y
p2j
L
∫
(N − 1)G (ln θij)N−2 g (ln θij)2 d ln θij
)
Analogous derivations gives the expression of elasticity of demand with re-
spect to quality
∂Qj
∂λj
λj
Qj
=
λj
Qj
y
pjλj
L
∫
(N − 1)G (ln θij)N−2 g (ln θij)2 d ln θij
The assumption that ln θij follows the exponential distribution withE [ln θ] =
0 and V ar [ln θ] = σ2 allows to find a simple closed form solution.
∂Qjt
∂pjt
pjt
Qjt
= − = −
(
1 +
1
σ
)
(19)
∂Qjt
∂λjt
λjt
Qjt
= − 1 = 1
σ
Table 1 presents the form of the elasticity under different types of distribu-
tion.
2.4 Young’s Model of Endogenous Growth
Finding a functional relation between elasticity of demand and taste heterogene-
ity opens room for a reinterpretation of a wide class of macroeconomic models.
Here, I present one example: an evaluation of Young’s (1995) endognous growth
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Distribution
Distri
buted

Comments on Distribu-
tion
Comments on Growth (re-
fer to section 2.4)
Exponential log (θ) 1σ
Depicted on Figure 3. The
support in terms of θ:
θ ∈ (1,∞). Most con-
sumers are neutral about
the product (θ close to
one). The group of prod-
uct lovers is in the right
tail. Number of prod-
uct lovers (thickness of the
tail) increases with vari-
ance, σ2
Under vertical spillover,
growth is constant and
negatively related to het-
erogeneity. Under hori-
zontal spillover, growth is
constant and positively re-
lated to heterogeneity.
Logistic log (θ) 1σ
Nt−1
Nt+1
Depicted on Figure 4. The
support in terms of θ: θ ∈
(0,∞). For large σ: most
consumers have zero val-
uation of the product (θ
close to zero). The group
of product lovers is in the
right tail. Number of
product lovers (thickness
of the tail) increases with
variance, σ2. For small σ
the distribution resembles
log normal distribution (
with product lovers in a
right tail)
Under vertical spillover,
growth is constant and
negatively related to het-
erogeneity. Under hori-
zontal spillover, if Nt is
very large, growth is con-
stant and positively re-
lated to heterogeneity.
Normal log (θ)
1
σ ∗ 0.5NtNt∗
∗constant
This is a log normal distri-
bution of θ
Under vertical spillover,
growth is zero if Nt goes
to infinity. For any num-
ber of goods greater than
one, elasticity is decreas-
ing in number of goods
- hence there is no clear
relation between hetero-
geneity and growth
Uniform on
(−σ/2, σ/2) log (θ)
Nt
σ
Depicted on Figure 5. The
support in terms of θ: θ ∈(
e−σ/2, eσ
)
Under vertical spillover,
growth is explosive if Nt
goes to infinity. There is
no constant growth under
horizontal spillovers
Table 4: Elasticities of Demand under Different Distributions of Taste.
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model. The original Young’s model predicts that growth depends solely on elas-
ticity of substitution between goods. This result, combined with the result in
the previous section, implies a negative relation between taste heterogeneity and
growth.
In the last subsection, I will elaborate on the possibility that taste hetero-
geneity originates from income inequality. In this case, the symmetry between
goods is lost and growth of quality of each good is different. An increase in
heterogeneity will reduce equilibrium growth of quality for at least some of the
goods. There might be, however, a group of goods (particularly those goods
which receive high valuation by high income consumers) whose quality growth
is going to increase with an increase in inequality.
2.4.1 Competition for Consumers as an Engine of Growth.
The life-time utility is given by the discounted sum of logs of instantenous
utilities :
Vi =
∑
βt log (Uit)
As before, consumers’ instantenous utility function takes the CES form:
Uit =
 Nt∑
j=1
(θijλjtxijt)
ρ
 1ρ
Thus the demand side of the economy is the same as described in the previous
section.
We assume that each firm produces only one product. All products are
produced by the constant returns to scale technology using labor as the only
input. The unit cost of production is the same for all goods and is denoted by
c. Since I will use wage of workers as a numeraire, c is also the inverse of the
productivity of the worker. Every period, t firms decide whether in period t+ 1
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they wish to enter the market or stay aside (with the outside option giving zero
profit). If a firm enters, it plays the Bertrand-Nash game in prices and qualities
with other firms on the market in period t+ 1: it chooses the price and quality
level to maximize profit given the choices of other firms. The fixed cost that
firms have to cover before entering is the R&D spending in period t. This cost,
however, may be tuned by the choice of quality level. Thus the maximization
problem of firms’ objectives can be formulated as follows:
max
λjt,pjt
(pjt − c)Qjt
1 + rt−1
− F (λjt, λj,t−1)
where F
(
λjt, λj,t−1
)
denotes the cost of developing quality λjt. I will use the
same formulation as in Young’s (1998) paper:
F
(
λjt, λj,t−1
)
=

feaλjt/λj,t−1 if λjt ≥ λj,t−1
fea otherwise
(20)
If good j was previously produced, λj,t−1 = λmaxj is the highest quality of
product j produced up to time t − 1. If good j was not previously produced,
λj,t−1 = maxk
{
λmaxk,t−1
}
is the most advanced quality developed among all prod-
ucts available in period t − 1. This means that all new products can use the
last period frontier technology. This form of the cost function captures the idea
of vertical spillover - the greater the advancements in past are, the easier it is
to progress in development of product quality. Such form guarantees that con-
stant spending on R&D across periods (or a constant number of researchers and
engineers working on the development of one product) gives constant growth of
quality. This form of the cost function implies also that there are some minimal
fixed costs of entering the market - even if the firm chooses close to zero qual-
ity, it still has to pay fea to cover the R&D on the initial development of the
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product.
I am interested in the symmetric subgame perfect nash equilibrium of the
model. For firms which enter the market, first order conditions for optimal
choices of prices and quality are
Qjt + (pjt − c) ∂Qjt
∂pjt
= 0
(pjt − c)
1 + rt−1
∂Qjt
∂λjt
− ∂F
(
λjt, λj,t−1
)
∂λjt
= 0
The equilibrium will be also characterized by Nt - the number of firms in
the market which assures that, given choices in the second stage of the game,
firms are indifferent between entering or not entering the market. This result in
the zero profit condition:
(pjt − c)Qjt
1 + rt−1
= F
(
λjt, λt−1
)
This condition allows expression of FOCs in terms of elasticities:
pjt − c
pjt
= −
(
∂Qjt
∂pjt
pjt
Qjt
)−1
=
1
EQjpj
(21)
EQjλj =
∂Qjt
∂λjt
λjt
Qjt
=
∂Fjt
∂λjt
λjt
Fjt
= EFjλj
This leads to the important implication of the Young’s paper: firms’ opti-
mization and zero profit conditions imply that firms set quality levels to equalize
elasticity of demand with respect to quality and elasticity of R&D costs with
respect to quality.
Under the production function of ideas specified in (20), the elasticity of
costs with respect to quality is given by:
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EQjλj = aλjt/λjt−1 (22)
Since I consider a symmetric equilibrium, I find that
− 1 = aλjt/λjt−1 = aλt/λt−1 (23)
and
pjt − c
pjt
=
1

Following Young’s paper, I can close the model with the labor resource con-
straint - labor in manufacturing and labor in the research sectors has to equal
the total labor supply which - given that labor is supplied inelastically - is equal
to the size of population, L. The amount of workers in the manufacturing sector
can be found from the total amount of goods produced and workers’ productiv-
ity:
Lm = NtQtc =
c
p
Et =
− 1

Et
where Et is a total expenditure. On the other hand, since wage was normal-
ized to unity, labor employed in the research sector has to be equal to the total
spending on R&D:
Lr = Nt+1fe
−1
This can also be expressed in terms of total expenditure by making use of
the zero profit condition: total spending on R&D has to equate the total benefit
from sell
Lr = Nt+1fe
−1 = Nt+1
(p− c)Qt+1
1 + rt
=
=
Et+1
 (1 + rt)
=
βEt

(24)
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where the last equality follows from consumer intertemporal optimization.
Therefore, the labor resource constraint predicts
L =
(
− 1 + β

)
Et (25)
Substituting it back to (24) gives the optimal number of firms:
Nt+1fe
−1 =
β
− 1 + βL (26)
2.4.2 Effect of Heterogeneity on Growth under Vertical Spillover
and Imperfect Substitutability between Goods
Now I am able to combine the measure of consumer heterogeneity with endoge-
nous growth theory model. I will first consider the case of vertical spillovers and
imperfect substitability between goods.
To find a relation between growth and dispersion of income shares devoted
for good j, ψj equations (14) and (23) can be combined:
λt
λt−1
=
1
a
ρ
1− ρ
(
1−D (ψ)− 1
N
)
≡ − 1 (27)
As discussed in section 2.3.1., in the context of models with endogenous
number of goods, D (ψ) cannot be treated as an exogenous parameter. Instead,
I can represent the heterogeneity of taste with a dispersion of θ
ρ
1−ρ . Assuming
that θ
ρ
1−ρ follows a gamma distribution, I can obtain the relation between growth
and D
(
θ
ρ
1−ρ
)
by combining equations (22), (11) and (16):
λt
λt−1
=
1
a
ρ
1− ρ
(
1− µ+D
Nµ+D
)
(28)
=
1
a
ρ
1− ρ
(N − 1)µ
Nµ+D
65
For constant N , an increase in the dispersion decreases elasticity and growth.
If I allow N to adjust, the decrease of elasticity will increase profits and thus
create a room for new varieties (the mechanism is captured by equation (26)).
A higher number of goods will have a positive effect on elasticity (as shown in
equations (11) and (16)), thus partly offseting its initial drop.
The total effect of heterogeneity on the elasticity, however, remains negative.
This can be easily demonstrated by contradiction: suppose that − 1 increases
after an increase in D. From equation (28), this would imply that number of
products has to increase. As a result, the LHS of (26) (i.e. the total spending
on research) would have to increase. However, as −1 increases it is known that
in equilibrium, the RHS of (26) (i.e. equilibrium total benefit from sell) would
need to fall - which is a contradiction.
As described with equation (22), a lower elasticity of demand leads to less
intense competion and lower growth. Therefore, an increase in heterogeneity
will have a negative effect on growth in the equilibrium.
Welfare growth
The final step in this subsection is to examine how technological progress trans-
lates into welfare growth under vertical spillovers.
Under symmetric equilibrium, the utility of each individual can be expressed
as
Uit =
yit
p
λ
 Nt∑
j=1
θij θ
ρ
1−ρ
ij∑
k θ
ρ
1−ρ
ik
ρ
1
ρ
=
yit
p
λ
(∑
k
θ
ρ
1−ρ
ik
) 1−ρ
ρ
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and hence total welfare is simply given by
Wt =
λt
p
ytE
(∑
k
θ
ρ
1−ρ
ik
) 1−ρ
ρ
 (29)
As argued above, under vertical spillover, the number of products in equilibrium
has to be constant, which implies that E
((∑
k θ
ρ
1−ρ
ik
) 1−ρ
ρ
)
is also constant.
Additionally, elasticities of demand with respect to price and quality need to be
constant, and this involves constant prices as well as - by the relation between
total expenditure and labor (equation (25)) - constant per capita expenditure,
yt. Therefore, the growth of wealth in equilibrium is given exactly by the growth
of the equilibrium quality level:
d log (Wt)
dt
=
d log (λt)
dt
2.4.3 Effect of Heterogeneity on Growth under Horizontal Spillover
and Imperfect Substitutability between Goods
So far, I have analyzed a form of R&D production function, which assumes the
presence of vertical spillovers: the higher the stock of knowledge is, the easier
it is to develop a higher quality for each good in next period. On the other
hand, the stock of knowledge embedded in the variety of goods has absolutely
no impact on the R&D process.
In this subsection, I consider the opposite case - the case of horizontal
spillovers: the current quality level does not ease development of the next period
quality level; instead a higher number of goods already in place facilitates the
development of new goods.
Following Young, horizontal spillovers are introduced here by modifying the
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R&D cost function to
F
(
λjt, λt−1
)
=
feaλjt
Nt−1
(30)
Under this new specification, if heterogeneity is constant over time, and if
the number of products is large enough (so that 1/N is negligible), the quality
level is constant:
λt =
1
a
∂Fjt
∂λjt
λjt
Fjt
=
− 1
a
= (31)
=
ρ
1− ρ
1
a
(
1− µ+D
Ntµ+D
)
On the other hand, equation (26) becomes
Nt+1
Nt
fe−1 =
β
− 1 + βL (32)
predicting a constant growth of the number of goods in the economy:
gN =
Nt+1
Nt
=
β
− 1 + β fe
−1L (33)
The growth rate is a decreasing function of the elasticity of demand. Since
the elasticities of demand, (), decreases with heterogeneity (see equation (31)),
this growth rate increases with heterogeneity - the result which is opposite to
the one under vertical spillover.
However, the size of the effect depends on the number of goods. As the
number grows exponentially, the effect of heterogeneity on growth at some point
becomes negligable.
Welfare growth.
If θ
ρ
1−ρ
j ∼ Gamma
(
µ
D ,
1
D
)
, then
∑
j theta
ρ
1−ρ
j ∼ Gamma
(
N(t)µ
D ,
1
D
)
. It can be
shown then that E
((∑
j θ
ρ
1−ρ
j
) 1−ρ
ρ
)
= D
1−ρ
ρ
Γ( 1−ρρ +
N(t)µ
D )
Γ(N(t)µD )
where Γ(.) is the
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gamma function. Using this result in equation (29)
Wt =
λ
p
yD
1−ρ
ρ
Γ
(
1−ρ
ρ +
N(t)µ
D
)
Γ
(
N(t)µ
D
) (34)
The growth rate is then given by:
d log (Wt)
dt
=
µ
D
egN t
(
ψ(0)
(
1− ρ
ρ
+
µ
D
egN t
)
− ψ(0)
( µ
D
egN t
))
where ψ(0) is the digamma function. The simulation reveals that in the limit
(as t grows) this expression approaches 1−ρρ .
2.4.4 Effect of Heterogeneity on Growth under Perfect Substitutabil-
ity between Goods.
As argued in section 2.3.2, the elasticity of demand is negatively related to con-
sumer heterogeneity for all distributions that were considered. On the other
hand, the discussion in the section 2.4.1 implies a positive relation between
elasticity of demand and growth in the setup with vertical spillovers. Hetero-
geneity must therefore reduce growth. To understand this result, consider the
extreme case of heterogeneity in which each producer has a group of faithful
consumers who strongly dislike all other goods. In this case, no quality im-
provement attracts new customers, as consumers outside the ’fan club’ have
their own favourites. This reduces the incentive for a firm to innovate.
To complete the analysis for general equilibrium, I shall take into account
the endogenous response of a number of variaties, N . Under vertical spillovers,
a decrease in elasticity of demand upon growth of heterogeneity will increase
profit and attract new entrants. This response of N will lead to an increase in
elasticity of demand which offsets its initial fall. However, the total effect of
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heteronegeity on growth remains negative.
In case of horizontal spillovers, a negative relation between elasticity of de-
mand and growth predicts a positive effect of heterogeneity on growth. Upon
arrival of a new product, consumers will draw their valuations from the distri-
bution. If the dispersion parameter of the distrubution is high, the potential
entrant expects that a group of consumers will have valuations high enough to be
faithful, irrespective of quality and price. This raises the monopoly power and
increases profit opportunities promoting the entry. Under horizontal spillovers,
the higher number of entrants leads to larger growth in long run.
Under horizontal spillovers, growth of the number of goods will eventually
lead to constant and finite elasticity of demand under exponential and logistic
distribution, infinite elasticity under uniform distribution and zero elasticity
under normal distribution.
Welfare Growth
Again, to finalize this subsection, a link needs to be founds between technological
progress and welfare growth. Under the setup drawn in this section, the total
welfare will be the same as ex-ante utility of an agent (i.e. expected utility
before his or her taste parameters are realized):
Wt = Eθ (Uit) = λt
yt
pt
E
(
max
j
{θij}
)
As before, prices and per capita expenditure are constant, so the only source
of growth is the improvement in quality (arising under vertical spillover) and
the higher number of products (arising under horizontal spillover case). Since
the number of goods in the vertical spillover case is constant, the link between
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wealth and quality growth is straightforward
d log (Wt)
dt
=
d log (λt)
dt
The growth in the horizontal spillover case comes through the increasing
number of products - ex ante an agent might expect that with a bigger choice,
he will be able to find a product that gives him a higher taste parameter, θ.
The mathematical evaluation of this effect is not obvious; however, following
the assumption that log (θ) is distributed with the exponential distribution, it
can be shown that for large Nt
max
j
{log (θij)} = log (Nt)
(see table 1 in Gabaix, Laibson and Li (2010)). Since logE (maxj {θij}) can
be approximated (using first order Taylor approximation) with E (log (maxj {θij}))
log welfare can be approximated with
log (Wt) = log (λ) + log (y)− log (p) + log (Nt)
With constant elasticity, , quality, prices and income are constant. As a
result
d log (Wt)
dt
=
d log (Nt)
dt
=
1
σ
under exponential distribution of log(θ). The growth of welfare in this econ-
omy is given by the growth of the number of products, which - as shown -
depends positively on heterogneity in the horizontal spillover case.
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2.5 Income Inequality and Endogenous Growth.
This section shows how the model in section 2.4 can be extended to cover hetero-
geneity in income. It demonstrates that as long as tastes are correlated with the
income of the individual, an increase in income inequality (leading to a higher
taste heterogeneity) will have an implication for technological change and eco-
nomic growth. Through this channel, a redistributive policy (or its lack) might
have an indirect effect on long run economic growth.
Allowing for heterogeneity in productivity (and hence incomes) leads to the
following form of elasticity of demand with respect to price
 =
dQjt
dpjt
pjt
xjt
= − 1
1− ρ
(
1− ρE
(
φ2jy
)
E (φjy)
)
(35)
If there is no heterogeneity in taste across consumers, φj is a constant and
under assumption of symmetry φj = ψj =
1
N . Then the expression for elasticity
becomes
 =
dQjt
dpjt
pjt
xjt
= − 1
1− ρ
(
1− ρ 1
N
)
thus the elasticity becomes independent of the distribution of income.
Similarly, if an individual’s tastes are independent of his/her income (Corr (ψj , y) =
0 and Corr
(
ψ2j , y
)
= 0) equation (35) becomes
 =
dQjt
dpjt
pjt
xjt
= − 1
1− ρ
(
1− ρE
(
φ2j
)
E (y)
E (φj)E (y)
)
= − 1
1− ρ
(
1− ρE
(
φ2j
)
E (φj)
)
and therefore reduces to the form in (12) - again elasticity of demand with
respect to price is independent of the parameters of income distribution. This
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is in line with the conclusions of Foellmi and Zweimuller (2003), who find that
when consumer preferences are homothetic, income inequality does not have an
impact on elasticity of demand.
The situation changes, however, if a consumer’s tastes are not independent of
his/her income level. Below, I discuss some instances in which the dependance
between the two might arise.
The first reason why the parameter might depend on income is that the
CES form of utility does not capture consumer preferences correctly. If income
can be treated as a proxy for the overall level of consumption, in many cases a
dependence of theta on income might lead to a better description of preferences.
One example could be the choice between public transportation vs. a car. The
CES preference implies that, no matter what the consumer’s income is, he or
she will always choose the option that has the better value for the money. In
practice, this is not the case - wealthier consumers tend to choose cars, while
poorer consumers choose public transportation. Dependance of theta on income,
although imperfectly, can capture this preference. Foelmi and Zweimuller (2003)
provide a formal and more general discussion on how nonhomothetic preferences
may lead to dependence of elasticity of demand on income distribution.
The Second reason for the correlation between tastes and income is that
income might capture other characteristics of the consumer (normally not in-
cluded as consumer goods), such as education or age. Before computer interfaces
were simplified, their value to uneducated consumers was probably negligable,
while educated consumers could enjoy exploring new technology and use it, for
instance, for better time management. If income in the model serves simply
as a proxy for other exogenous consumer characteristics, obviously the model
cannot be used to evaluate the impacts of redistributive policies. However, it
can serve as a tool to predict the implications of equal access to education policy
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or demography dynamics on long-run technological change.
The third reason that income might have an impact on tastes is because it
often puts individuals in various social strata. An affilation with a particular
social stratum has implications for consumer preferences. Thus, for middle-
class consumers, possession of a car might carry an additional value because
it signals affilation with the middle class. For consumers from the lower social
strata, a mobile phone may play a more important role than for others because
of security reasons - lower stratum consumers could be more exposed to danger
and a mobile phone is essential in emergencies.
Finally, an example of a very direct effect of income on tastes can also be
given: how much a consumer values the quality of financial services depends
on how much he/she interacts with financial institutions. This, in turn, could
depend on the income of a consumer.
In general, if income is correlated with taste parameters, the symmetry be-
tween goods is lost and thus equation (35) is not valid. There are two ways to
proceede: one is to look for the functional relation between income and taste
parameters that preserve the symmetry. The second is to simulate the problem
numerically and find how an increase in income inequality affects elasticity of
demand for each good.
The first approach - the imposition of a specific functional relation between
income and taste parameters - greately reduces generality of the problem. How-
ever, due to the fact that symmetry between goods is preserved, the problem can
still be solved analytically, and this allows me to precisely track the way that in-
come inequality may affect elasticity of demand and long-run economic growth.
The numerical simultation that I perform afterwards helps to ensure that the
conclusions are not driven only by the assumption of the specific relationship
between income and taste parameters.
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In both analytical solutions and numerical simulations, I consider a simplified
model with only two goods (A and B) and two groups of consumers: rich and
poor. Let ψij denote the group’s i ∈ {p, r} taste parameter for product j ∈
{A,B}. The income of rich consumers is normalized to 1. The income of
poor consumers is k, a fraction of rich consumers’ income. Then equation (35)
evaluated for product A becomes
A =
dQjt
dpjt
pjt
xjt
=
1
1− ρ
(
1− ρk ∗ ψ
2
p,A + ψ
2
r,A
k ∗ ψp,A + ψr,A
)
It can be shown that if ψp,A =
1
2 − 2ψr,A−12k then elasticity of demand for
good A and for good B are equal, A = B
Suppose that ψr,A = 0.75. Then ψp,A =
1
2
(
1− 12k
)
, which is a decreasing
function in k. Under this functional relation between one of the taste parameters
and income, elasticity of demand for good A (and for good B) reduces to:
 =
1
1− ρ
(
1− ρ
2
− 1− 4ψr,A (1− ψr,A)
2k
)
which is an increasing function in k. Therefore, an increase in k (corre-
sponding to reduction in income inequality) leads to a reduction of taste het-
erogeneity and an increase in elasticity of substitution (or elasticity of demand).
This in turn generates greater competition between producers of two goods and
produces a higher growth of quality, greater technological change and higher
growth in and the long-run.
As promised earlier, I also present the results of the numerical simulation
of the model. As before, I assume that there are two types of consumers: poor
and rich. I also assume that there are two categories of goods, labeled A and B.
In the simulations, the sizes of the populations of rich and poor consumers
are equal to unity. I will focus on the case with ρ = 0.33, which implies a
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moderate substitution between goods in the absence of taste heterogeneity. The
parameter f has been calibrated to produce 10 goods in group A and 10 goods in
group B in the equilibrium of the ”baseline” scenario with no income inequality
and no heterogeneity of taste. Parameter a has been chosen to achieve a 10%
equilibrium growth in the baseline scenario. The value of β is 0.98.
In the first baseline scenario, the income of all consumers is equal to unity
and each consumer values each good equally. As mentioned, the model has
been calibrated to predict the entry of 20 goods - 10 in category A and 10 in
category B. Because all goods are equally valued, the spending on each good
will constitute 5% of each consumer’s income. For the baseline scenario, the
model predicts the elasticity of demand with respect to price,  = 1.4679 and
10% equilibrium growth of quality for each good.
Next, I introduce a moderate income inequality setting the income of the rich
consumers to 1.2 and the income of the poor consumers to 0.8. Since we wish
to explore what happens if the increase in income inequality is accompanied by
an increase in heterogeneity of taste, I assume that the richer consumers value
goods in category A two times more than goods in category B, while the poorer
consumers value goods in category B two times more than goods in category A.
The model predicts that in equilibrium, the total number of available goods in
category A is going to rise to 16, while the number of goods in category B will
drop to 4. Rich consumers will spend 5.4% of their income for each good in A
and 3.5% for each good in B. The poor consumer will spend 4.5% for each good
in A and 6.9% for each good in B. The elasticity of demand for goods in A is
almost exactly the same as in the baseline scenario:  = 1.4676. For a good in
B, the drop of elasticity relative to the baseline is more visible:  = 1.4658. As
a result, the growth of quality for goods in A is 9.9% and for B good is, 9.5%.
The results are substantially different if income inequality and taste hetero-
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geneity are further increased: suppose now that the income of the rich consumer
is 1.4 and the income of poor consumer is 0.6. The rich consumer values good A
9 times more than good B, while the poor consumer values good B nine times
more than good A. In equilibrium, the model predicts that this implies a spend-
ing of 5.4% of income on A goods and 1.7% on B goods by rich consumers, and
4.2% of income on A goods and 12% of income on B goods by poor consumers.
The number of goods in categories A and B are 18 and 2, respectively. The
elasticity of demand for goods in category A is  = 1.4676, while the elasticity
of demand for goods in category B is  = 1.4461. As a consequence, the quality
growth of good A is 9.9% - only marginally lower than in the baseline, while the
qulity growth of good B is 4.9% - i.e. half of that in the baseline.
The dependence of growth on inequality increases for a larger value of pa-
rameter ρ. For example, if ρ = 0.5, an increase of inequality from yr = yp = 1
to yr = 1.2 and yp = 0.8 which is accompanied by an increase in dispersion in
relative valuation of goods to 2:1 for rich consumers and 1:2 for poor consumers
reduces A good’s quality growth to 8.4% and B good’s growth to 7.8%. If we in-
crease inequality further, to yr = 1.4 and yp = 0.6 and simultaneously allow for
an increase in dispersion in relative valuation of goods to 9:1 for rich consumers
and 1:9 for poor consumers, the quality growth for good A is 8.6%, while good
B is not imroved at all.
2.6 R&D Uncertainy and Endgenous Growth
2.6.1 R&D Uncertainty and Optimal Product Diversity
One of the key contributions of Young’s endgeonous growth model is an obser-
vation that a high number of variety limits the rate of technological progress
becuase research effort needs to be partitioned to increase the quality of nu-
merous goods. The more carriages there are, the more horses per carriage are
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needed to keep a cavalcade moving. This leads to the question of weather it
would be optimal to ban variety and concentrate all research effort on develop-
ment of one good, thereby achieving growth. In the origrinal paper by Young,
sustaining variety is necessary because all goods have some degree of compli-
mentarity and each consumer has a positive demand for each good, even if its
price is very high. Section 2.4, and in particular subsection 2.4.4, suggests that
even if goods are perfect substitutes, variety is valuable because one good is
highly valued only by a narrow part of the population and other consumers may
have high valuations of other goods. These goods must be developed also. The
third reason to sustain variety - presented in this subsection - is the uncertainty
of the R&D process.
Consider a simplified version of Young’s model: there is only one period
and R&D process require investment in terms of final output. Since I want to
focus on optimal product diversity, I present a solution to the social planner
problem. The planner allocates an inelastically supplied resource (e.g. labour)
across production sides of various goods and chooses a number of varieties and
R&D investments in order to maximize consumption. The outcome of the R&D
process is uncertain: R&D spending of F (λ) = feaλ produces quality level λθ,
where θ is a random variable. The problem may be therefore stated as:
max
N,λ,Li
E
( N∑
i=1
(λθiLi)
ρ
) 1
ρ
−N ∗ feaλ

subject to
∑
Li = L. The planner chooses the number of varieties and R&D
investment before realization of θ’s. The decision on the allocation of labour
may be taken after the realization.
Consider the case of the perfect substitute: ρ = 1. The problem then be-
comes:
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max
N,λ
{
λLE [max {θi}]−N ∗ feaλ
}
If the uncertainty parameter is distributed with the Frechet Distribution:
θi v Frechet (α, s, 0) with α > 1 16, then max {θi} v Frechet
(
α,N
1
α s, 0
)
and
E [max {θi}] = N 1α sΓ
(
1− 1α
)
. Hence the planner’s problem simplifies further:
max
N,λ
{
λLN
1
α sΓ
(
1− 1
α
)
−N ∗ feaλ
}
Clearly, although additional varieties involve more R&D effort, they also
bring a benefit: every additional brand may turn out to be more valuable than
the previous set of varieties. To relate this to a real life situation, we may con-
sider renewable sources of energy. Although investing in photovoltaic panels,
wind turbines and hydroelectric power require three times more resources than
focusing solely on the wind turbines, it may beneficial to sustain the portfolio, as
there is a positive probability that investment in solar power turns out to be un-
expectedly fruitful. Furthermore, the benefit from additional varieties depends
on the dispersion of the θ distribution, which (for constant α) is proportional
to the parameter s.
The first order conditions to the planner’s problem are:
1
α
λLN
1−α
α sΓ
(
1− 1
α
)
= feaλ
LN
1
α sΓ
(
1− 1
α
)
= Nfaeaλ
Combining the two conditions:
16the lower limit is set to ensure finite moments of the distrbution and to ensure that the
second order conditions are satisfied.
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λ =
α
a
N =
(
λLΓ
(
1− 1α
)
αfeaλ
s
)α−1
α
Note that for this simple model and for the Frechet distribution of θ, optimal
R&D investment does not depend on dispersion of θ (again assuming, α is
constant). However, the optimal product differentation is a positive function of
the dispersion.
2.6.2 R&D Uncertainty and Decentralized Equilibrium
In this subsection we consider the model from section 2.4 except that now con-
sumers tastes are homogenous and the outcome of an R&D process is uncertain.
In particular R&D spending of F (λ)) = feaλ brings quality improvement by a
factor θλ where θ is a random variable with E (θ) = 1. If firm needs to choose
price before realization of R&D outcome then its problem is
max
pi,λi
(pi − ci)E [Qi]− F (λi)
subject to
E (Qi) =
∫
. . .
∫
(θijλj/pj)
ρ
1−ρ∑
k (
θikλk/pk)
ρ
1−ρ
p−1j yig (θ) dθ
This problem is identical to the problem of the monopolist in the section
2.4. The results must be identical too:
λt
λt−1
=
1
a
ρ
1− ρ
(
1−D (ψ)− 1
N
)
≡ − 1
An increase in uncertainty - captured by an increase in dispersion of possible
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realizations of θ - results in the reduction of R&D spending and lower growth.
Notice that this result follows for risk-neutral firms. The intuition is similar
to the intuition of the taste heterogneity model: under uncertainty, there is a
positive probability that a firm’s competitors may be (relatively) very succesful
or very unfortunate. In either of these two cases, R&D effort performed by the
firm will be irrelevant: in the first case, even a large quality improvement will
not be enough to steal a market from the successful competitor; in the second
case, the firm will capture the market, even with low R&D effort.
2.7 Conclusion
Although Chamberlin’s proposition that differences in taste between consumers
can be a source of desire for products variety has been extensively discussed in
numerous microeconomic models (e.g. Salop (1979), Hoteling (1929), Perloff and
Salop (1985), de Palma et al. (1985)), this paper is the first study that formalizes
Chamberlin’s proposition in direct reference to the setup of the Dixit and Stiglitz
model. In particular, it demonstrates that in symmetric equilibrium - whenever
it exists - elasticity of substituion, which governs optimal product differentiation
in the Dixit and Stiglitz model, can be shown to be a decreasing function of
consumer taste dispersion. More generally, for any kind of equilibrium, elasticity
of demand for a good can be expressed as a dereasing function of dispersion
(across consumers) of income shares devoted for this good.
The result amends interpretation of numerous papers that are based on the
Dixit and Stiglitz framework. For example, in Young’s model of endogenous
growth, elasticity of demand determines equilibrium innovation effort and the
rate of technological progress. Together with result derived in section 2.3, this
produces a negative relation between economic growth and taste heterogeneity.
In section 2.5, the model is extended to include income inequality. Simulation
81
results reveal that if income is correlated with taste, higher income inequality is
associated with lower quality improvement for every good. However, the drop of
quality growth that follows mean preserving inequality increase is significantly
larger for those goods which are favoured by poorer consumers. This result
is in line with the intuition of the directed technological change hypothesis
(Acemoglu 2002, 2007) that R&D investment in productivity of a good depends
on the value of its market. Application of the directed technological change
hypothesis to evaluate quality growth of goods devoted for poor vs. quality
growth of goods devoted for rich consumers has not been studied so far and
appears to be a promising path for future research.
The set up in section 2.3 permits reinterpretation of heterogeneity in con-
sumers’ tastes as uncertainty about product quality, e.g. prior to the realization
of R&D. In this context, the model may give predictions about determinants of
the optimal R&D portfolio: higher uncertainty about R&D process gives incen-
tive to diversify the portfolio, i.e. invest in a higher number of varieties. The
result occurs, despite the risk neutrality of firms.
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3 Chapter III: Catching up in Central and East-
ern Europe
3.1 Introduction
At the beginning of the 90s, when it became clear that a group of economi-
cally backward countries from Central and Eastern Europe will strive to join
the European Union, allow trade and investment from abroad and adopt stable
institutions, many economists anticipated a textbook example of economic con-
vergence, similar to the one between Southwestern and Northwestern European
countries that Europe witnessed in the 60s. A number of economists rushed to
form predictions about the speed of convergence and warn of potential prob-
lems. (Sachs (1991), Fisher, Sahay, and Vegh (1998a, 1998b), Boldrin and
Canova (2003) and Caselli and Tenreyro (2005)). 15 years after the economies
embarked on the convergence path seems to be a good starting point to examine
where the countries stand, how did they go so far and what they can expect in
the future. For economists, this is an interesting opportunity to confront their
expectations with true outcomes, as well as to evaluate the predictions of various
models such as the Solowian convergence model (Solow (1956)) or technology
imitation models (Nelson and Phelps (1966), Barro and Sala-i-Martin (1997),
Howitt (2000)). For the policy makers, it might reveal what sources of conveg-
ence are already exploited and what sources still remain potential (possibly still
not activated) engines of growth.
At the same time, today might be the last chance to perform such an analy-
sis: the economic crisis that began in 2008 put many of the Central and Eastern
European economies out of the equilibrium convergence path. It might be that
economists will need to wait a long time before the effect of (at the end exoge-
nous) the shock diminishes and the convergence again could be analysed along
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the standard growth models.
The growth accounting for Central and Eastern European regions was per-
formed earlier in the World Bank Report on Productivity Growth in Eastern Eu-
rope and Former Soviet Block (2008). However, that analysis is at the regional
level and does not evaluate the growth decomposition for particular countries.
Growth accounting for Poland, Czech Republic, Hungary, Slovakia and Slovenia
is explored in Doyle, Kuijs and Jiang’s (2001) analysis that only covers growth
until 1999. Iradian (2007) presents growth accounting for transition economies,
but only covers former Soviet Union republics. The similar growth accounting
exercise, which also includes the effect of labour composition on growth, has
been presented in Gradzewicz, Growiec, Kolasa, Postek and Strzelecki (2014).
However, the central focus of their paper is to study the drivers of Polish relative
success during the European crisis. The aim of my study is the illustration of
forces driving the 12-year growth in Central and Easter European Economies
relative to the growth in German economy. Two articles, Baran (2013) and
Growiec (2008) shows the results on the convergence of central and eastern
european growth using the data envelopment analysis, which is an interesting
alternative to the approach followed in this paper.
The strategy for this paper is to first identify various theoretical sources
of convergence (e.g. capital differences between Poland and Germany), then,
to examine to what extent these sources were exploited (e.g. by looking at the
growth rates of capital between 1995 and 2005) and finally to assess the potency
of the source for the future (e.g. by comparing levels of capital in 2005).
The theoretical sources of convergence are identified along two decomposi-
tions. The first one decomposes growth into growth of labour input (total hours
worked), physical capital and a term that combines human capital and TFP
growth. To further decompose the growth of this last term, I propose a new
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method that takes advantage of the availability of the data on relative wages
of workers with different educational levels. This method allows me to separate
the effect of increased shares of well educated workers and the effect of higher
productivity of more abundant educational groups. Furthermore, if workers
with different education levels are not perfect substitutes, I might also isolate
the negative effect of one type of workers becoming very scarce.
The second decomposition uses sector level data to distinguish whether
growth comes from growth of productivities of industries or from moving labour
towards more productive industries.
3.2 Data
The data that is necessary for the first decomposition comes from two sources.
Real GDP (2005 prices in international dollars - after PPP conversion) data
is taken from Penn World Tables, and the number of hours worked and the
total number of persons engaged comes from the EU KLEMS dataset. Persons
engaged includes both employees and the self-employed.
The choice of the target period is debatable. The key data is available in
national statistics agencies for all countries until 2012. However, I decided to
leave 2007 as the ending date. The reason for this is that the 2007 economic
crisis put many of the Central and Eastern European economies out of the
equilibrium convergence path.
The most problematic task was the computation of capital levels for the three
countries. The standard method to obtain time series for capital is the perpet-
ual inventory method: given the initial level of capital, each capital level is con-
structed by taking the previous capital level, adding investment and subtracting
depreciation - normally assumed to be 6% of the previous capital level (Barro,
Mankiw and Sala-I-Martin (1992), Nehru and Dhareshwar (1993), Caselli and
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Tenreyro (2005), Iradian (2007)). The investment series in Penn World Tables is
given at the PPP coverted 2005 constant prices. The initial capital level can be
easily computed if it is assumed that the economy is in the long run equilibrium
and growth of capital is equal to the growth of output. Then initial capital is
given by17
K0 =
I0
g + δ
where g is the growth rate of output and δ is the depreciation rate.
Regarding Hungary and Poland, I compute g by taking the average across
the annual growth rates in years 1970-1974, and following Iradiam (2007), I
center the initial level of capital in the middle of this period, which is 1972. The
depreciation rate in this period is assumed to be 0.06.
Is the assumption about equal growth rates of capital and ouput reason-
able? Was the economy in 1970 already on the balanced growth path after the
war? The communist central planner did push for the rapid physical capital
accumulation from the early post-war period, which might suggest that by the
early 70s, the steady state of capital was restored. On the other hand, anec-
dotal evidence says that the 70s included construction of impressive factories
(the example is the Katowice steelworks project), whose purpose was capital
formation far beyond replacing depreciated capital and keeping pace with TFP
growth. As a result, the growth rate of capital might be biased downward (and
so the initial level of capital would be biased upward). However, this problem
should not alter the results since the effect of misscalculation of initial capital
level diminishes over time, and the first capital observation I used is in 1995 - a
quarter of a century after the estimation of the 1970 capital level.
A more serious problem is associated with the assumption of 6% deprecia-
tion. It is very likely that, especially at the beginning of the 90s, depreciation
17This follows from: K1 = K0 (1− δ) + I0. Rearranging, (−δ) + I0K0 =
K1−K0
K0
= g
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levels were way above the standard level observed in other countries. In the
Polish case, since 1991 the OECD has provided data on gross consumption of
capital (which indeed turns out to be extraordinarily high until 1994-1995).
Thus, since 1991, instead of deducting the previous capital level multiplied by
the 6% depreciation rate, I deduct the gross consumption of capital from the
OECD dataset. In the Hungarian case, the data on capital consumption is avail-
able only from 1995. Since, bearing in mind the Polish case, 6% depreciation
between 1991-1994 appears to be over-optimistic, I assume that in this period
the consumption of capital is at the level of the average consumpton in the
period of 1995-1999 (9%). 18
In the case of the Czech Republic, the procedure to compute capital levels
was similar. However, due to limited availability of data pre-1990, it required
a series of additional assumptions. I construct a proxy for GDP in the period
of 1983-1990 by assuming that the yearly growth rates in Czech Republic were
the same as in Poland in the period of 1982-1989 (one year lag is taken because
the recession in Czech Republic started one year later). I also assume that
the investment to GDP ratio in this period was the same as in Poland. Using
these approximated series, I compute the initial level of capital for 1985 using
the same procedure as before for Hungary and Poland. Until 1990, I assume
the depreciation at the level of 6% per year. For the period of 1991-1992, I
assume that the consumption of capital (as % of GDP) is at the level of average
consumption in the period of 1993-1997 (19%).
As mentioned earlier, to compute the effect of skill upgrading, I use the data
on relative wages of highly skilled, medium-skilled and low-skilled workers. The
data on hourly wages for these three groups is again taken from EU KLEMS. The
dataset labeled as highly skilled workers as those who have received university
18Since in Poland depreciation between 1995-1999 was lower then between 1991-1994, such
approximation might be still over-optimistic
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degrees, medium-skilled workers as those with high school degrees and low-
skilled workers as the remaining group. In this paper, I combine medium-skilled
and highly skilled workers to form the group that from now on I will label
as high-skilled workers. This is based on the presumption that a high school
or vocational degree indicates skills that go beyond basic literacy and simple
arithmetic skills. Thus those with at least a high school degree might be used
for very different tasks than those without a high school degree.
The two key variables for the second decomposition (along sectors) are the
value added and the number of hours by people engaged per each sector. These
data is available in the EU KLEMS dataset. Since value added is given in nom-
inal terms, I deflate each sector value added by this sector price index (taking
1995 as a base; value added price indices for each sector are also supplied by
the EU KLEMS dataset). Then I weight each observation bythe PPP inter-
national dollars conversion factor in 1995 (the conversion factor is taken from
stats.OECD.org dataset).
3.3 Factor Accumulation and TFP Growth Decomposi-
tion
I start with the most standard decomposition of growth into growth of physical
capital, labour input and the residual (capturing, among others, human capital
and technological progress). This decomposition is based on the Cobb-Douglas
production function. It follows the idea that growth of output might be broken
into growth of factors weighted by their income shares:
yt+1 − yt
yt
= (1− α)
(
At+1 −At
At
)
+ (1− α)
(
Lt+1 − Lt
Lt
)
+ α
(
kt+1 − kt
kt
)
(36)
The labour share of income is assumed to be 0.33 - as normally assumed in
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Poland Hungary Czech
growth of GDP 72% 56% 52%
growth of hours per person engaged -2% -3% -3%
growth of number of persons engaged -2% 8% 1%
growth of capital 52% 37% 75%
residual growth 90% 58% 44%
Table 5: Engines of Growth
the literature.
This first decomposition indicates the tremendous increase in the TFP in
Poland. The productivity has increased by 90% over the twelve-year period
(on average 5.5% increase per annum). The capital during this period did not
keep pace with the productivity improvement and has risen only by 52% (on
average 3.5% per annum). The labour input in turn has fallen: the total number
hours worked by persons engaged in 2005 was 96% of the level from 1995. It
might be also interesting to decompose the fall in number of hours worked into
changes in total number of persons engaged and in number of hours per person
engaged. It turns out that both figures have fallen: number of persons engaged
has decreased by 1.8%, and the number of hours per person engaged decreased
by 2.1%.
In Hungary, the pattern of growth, resembling the Polish case, features very
high growth of TFP (58% increase over the twelve-year period or 3.9% on average
per annum) and capital growth that did not keep pace with productivity (over
twelve years, capital grew by 37%, i.e. 2.7% on average per annum 19). The
amount of labour has increased marginally (in total by 5% over the period). In
fact, the number of hours per person engaged has decreased by 2.6%; however,
this was compensated by the 7.8% increase in the number of persons engaged.
Czech Republic witnessed the most unbalanced growth: while the TFP has
19Between 1995 and 1997, due to the very high depreciation, the capital actually fell by 8%.
Afterwards, depreciation remained high (until 2002); however, high investment rates led to a
growth of capital at the average rate of 3.4% per annum.
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increased by 72% over 12 years, capital has increased only by 22%. It must
be noted, however, that the estimates of capital accumulation and TFP are
subject to substantial measurement error since the data on GDP and investment
are available only from the beginning of the 90s. As in other countries, the
number of hours per person engaged has decreased marginally by 3.3%. The
total number of persons engaged has increased by 1%. The amount of labour
has decreased by 2.2%
To decompose convergence in GDP to Germany, I use the same strategy,
except now each variable is replaced with its value relative to Germany (thus
e.g. y becomes Polish GDP divided by German GDP). Since labour input did
not change much in any country, I focus on the values per hour of person engaged
(p.h.p.e.). In Poland, the relative GDP p.h.p.e. has increased by 47% (from 0.33
to 0.49). The relative capital p.h.p.e. has increased by 27% (from 0.18 to 0.23),
and the relative residual has increased by 58% (from 0.45 to 0.72). Translating
it into contributions in the convergence of output (by weighting capital by its
share in income and TFP by labour share in income), the 47% increase in relative
output may be decomposed into a 39% increase due to residual growth and a
9% increase due to capital accumulation. This is in line with the conclusions
from the previous paragraph that the Polish catching up to German economy
cannot be explained by capital accumulation.
Over the 12-year period, the ratio of Hungarian GDP p.h.p.e to German has
increased by 23% (from 0.38 in 1995 to 0.46 in 2007), which - as in the Polish
case - was primarily fueled by the increase in relative TFP (increase from 0.47 in
1995 to 0.61 in 2007) and, to a significantly lower extent, by growth in relative
capital (from 0.25 to 0.26)20.
Czech Republic had exactly the same starting point as Hungary - in 1995 its
20When interpreting a small increase of relative capital, I need to take into account the
remarkable fall of the Hungarian capital in the first part of the period, as described in footnote
3.
90
GDP was 38% of German GDP. Compared to Hungary, it grew slightly faster
to reach 49% of German GDP in 2007. Quite surprisingly - and contrary to
the Solow model predictions - the capital relative to Germany has not changed:
both in 1995 and in 2007, the ratio of capital in the Czech Republic to the
capital in Germany was 0.31. Despite no growth, in 2007 the level of capital
per hour of person engaged in the Czech Republic was highest among the three
economies. Relative productivity has grown substantially - in line with the
technology transfer hypothesis - from 0.43 to 061.
To explore the potency for future growth, I shall now focus on the levels
of capital and residual in 2005. Given the results presented so far it is im-
mediate that a large, and so far not properly exploited, reservoir of growth is
the capital accumulation. Scholars who study the theory of economic growth
will find it astonishing that while the TFP of one country is about three quar-
ters than that of the other country, its capital per labour is three or five times
smaller. The optimistic view would be that TFP growth was so rapid during
these years that capital simply couldn’t keep pace. This would imply that the
coming years are yet to witness capital accumulation and the continuation of
convergence is almost guaranteed. The pessimistic view is that there are some
substantial barriers for capital accumulation that slowed down convergence and,
unless resolved, will continue to slow down the economy in the future.
A factor that could have played a role was the international investors’ un-
certainty about political and economic stability in Poland, Hungary and Czech
Republic in this period. This could have changed after the three countries joined
EU. For this reason, I explore the growth of capital in the period of 2004-2007.
In Poland, capital relative to Germany was growing on average at 2% per annum
compared to 2% on average in the entire 12-year period. In Hungary, between
2004 and 2007, relative capital actually grew slower than in the previous pe-
91
riod - 1% average growth compared to the average of 2% growth between 1995
and 2007. In Czech Republic, as in the entire period relative capital did not
move. Thus either EU membership was not perceived by investors as warranty
of stability or risk is not the key obstacle to capital accumulation.
The sluggish accumulation of capital compared to the rapid growth for pro-
ductivities also has a consequence on evaluating how well the Solow model might
explain the convergence between the three economies to the old Europe. In fact,
this is devastating for the Solow model prediction: in 1995 in Poland, capital per
efficiency unit (capital devided by total hours worked and productivity resid-
ual) was 2.14, compared to 5.47 in Germany. With the free flow of capital
between countries, capital per efficiency units should be equalized in order to
equalize the return from capital in both countries. If I abandon the assumption
on free flow of capital, I might compute the steady state level of capital per
efficiency unit from savings rate, s, depreciation, δ, TFP growth, g, and labour
input growth, n, using the steady state condition: kAL =
(
s
δ+g+n
) 1
1−α
. The
savings rate (investment over GDP) in Poland is given in the Penn World Ta-
bles, and its average value between 1995 and 2007 is 0.193, the average annual
TFP growth in this period was 5.5%, the annual growth of hours of persons
engaged was negative and equal to -0.3% and the depreciation rate is assumed
to be 6%. Given these values, I can compute the steady state level of capital
per efficiency unit in Poland to be 2.48, above the observed value of 2.14. Thus,
over ten years it would be expected that the flow of capital into Poland (under
its free flow assumption) or its internal accumulation (in case of close economy)
moves capital per efficiency unit closer to the German level or its steady state
value. Instead of moving this direction, the capital per efficiency unit in Poland
actually decreased to 1.78 in 2007 (comparing to 5.68 in Germany).
The same trend is confirmed in case of Hungary and Czech Republic. In
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Hungary in 1995, the observed capital per efficiency unit was 2.97, which is
higher than in Poland but way below the Hungarian theoretical steady state
level of 3.27 or the German level of 5.47. The theory would therefore predict an
increase of capital per efficiency unit. Instead, its value has dropped over the
12-year period to 2.46 in 2007.
Czech Republic had the highest value of capital per efficiency unit, which
was 3.95. Compared to the other countries in the region it was closest to the
steady state - the theoretical steady state value of capital per efficiency unit was
4.38. However, over time, the economy has distanced from the steady state. In
2007, the capital per efficiency unit was 3.3
Obviously the failure of the Solowian prediction does not have to be driven
by capital accumulation that is too slow but rather by the rapid growth of pro-
ductivity. Nevertheless, this short exercise shows that it is difficult to evaluate
the convergence of output using the Solowian model alone.
3.3.1 Human Capital and Technology Decomposition
Given the spectacular increase in the residual, it might be worth attempting to
throw some additional explanatory power into the model. The data on the num-
ber of workers in each educational group and their wages might allow exploration
of the extent in which growth comes from an increased share of more educated
workers and if the technological progress was concentrated on the growth of
productivity of high-skilled or low-skilled workers21.
The Form and the Calibration of the Production Function
To accomodate the differences in the productivities of different types of workers,
I will use a production function similar to that of Caselli and Coleman (2005)
21The idea to use data on relative factor prices in accounting for cross-country productivity
differences was first suggested by Caselli and Coleman (2005).
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and Ottaviano and Peri (2008):
y =
((
AhLh
)σ
+
(
AlLl
)σ)1−α/σ
kα (37)
where Ll denotes the amount of high-skilled labour, Lh is the amount of
low-skilled labour, Al and Ah are the productivity parameters and σ is the
parameter ruling the substitability between two types of workers. Isolating the
total labour input:
y =
((
Ahsh
)σ
+
(
Alsl
)σ)1−α/σ
L1−αkα
where sh is the share of high-skilled workers in the total labour supply, sl is
the share of low-skilled workers.
If I equate factor prices with their marginal products (as implied by repre-
sentative firm first order conditions for optimal choice of inputs), I obtain the
following condition:
wh
wl
=
(
Lh
Ll
)−(1−σ)(
Ah
Al
)σ
(38)
Combining this with the production function, I can easily derive the expres-
sion for Ah and Al:
Al =
y
1
1−α k
−α
1−α
Ll
(
wlLl
whLh + wlLl
) 1
σ
Ah =
y
1
1−α k
−α
1−α
Lh
(
whLh
whLh + wlLl
) 1
σ
Since the calibration of σ has a crucial impact on the results, I shall give it
some attention. The choice is problematic. One of the first - and so far the most
popular - estimates of σ was delivered by Katz and Murphy (1992), who found
that the value of elasticity of substitution (i.e. 11−σ ) is equal to 1.41. They
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obtain it from a simple regression derived from the first order conditions (38)
log
(
wh
wl
)
= − (1− σ) log
(
Lh
Ll
)
+ σlog
(
Ah
Al
)
(39)
Katz and Murphy estimate this regression using US data between 1963 and
1997. To proxy for the last term they control for a linear trend.
However, a simple intuition questions the validity of the estimates. If relative
labour supply responses to relative efficiency deviations from the linear trend,
then the explanatory variable is correlated with the error term and the regression
estimates are biased. Since it is expected that there will be a positive response
of relative supply to positive relative efficiency shock, the coefficient on relative
supply is likely to be biased upwards (towards zero) - intuitively, since higher
relative efficiency and higher relative labour supply tend to go together, I cannot
observe a negative response of wages to the higher relative labour supply. Thus,
the bias is towards higher substitability across two types of workers.
Equation (39) has received a lot of attention in the labour literature, and
various authors tried to find instruments that could help to avoid the endogene-
ity bias described above. One of the convincing IV estimates was presented by
Ciccone and Peri (2005), who instrument relative labour supply with compul-
sory school attendance laws (at state level) and arrive to the value of 1.5. The
time series they use covers the period of 1950-1990 in the US - similar to the
one from Katz and Murphy. Thus, it seems that if there is an endogeneity bias
in the US, it is not very significant.
The reason why I describe the various estimates of σ in so much detail is
that my own estimates of sigma in Europe (both in Germany and Poland) are
significantly different, even though my estimates for the US match the evidence
from the Ciccone and Peri and Katz and Murphy papers. When I regress equa-
tion (39) using the EU KLEMS data for Poland between 1995 and 2005 (and
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as Katz and Murphy, control for linear trend), the coefficient on relative labour
supply is very close to zero: 0.15 (and not statistically significicantly different
from zero). Similarly, in Germany, the coefficient is very close to zero (with the
value of -0.15). This implies a very high elasticity of substitution. Of course
this might be driven by the endogeneity problem outlined above. But why has
no bias in US data been seen (as there is no significant difference between my,
Peri and Ciccone’s and Katz and Murphy’s estimates)?
Thus there are two options to choose from: either I assume that elasticity of
substitution in European countries and in the US is similar, although this would
imply that the responsiveness of relative labour supply to relative efficiency
(that drives the bias) in Europe is much stronger than in US; or I assume that
in Europe and the US the bias is similar (i.e. negligable) and thus there is a
significant difference in elasticity of substitution.
One way to solve this problem is to look for an exogenous shock to the
relative labour supply and observe the reaction of the relative wage. Luckily, in
the middle of the period in Poland, a major educational reform was introduced
that extended obligatory schooling by one year and the obligatory education
was finished at the age of 16 rather than at the age of 15. As a direct result
of this change, while the cohort born in 1987 could enter the market as low-
skilled after summer in 2000, the cohort born in 1986 could enter the market
as low-skilled only after summer 2002. This one year gap in the inflow of new
low-skilled workers into the labour market should be reflected in the fall of the
supply of the unskilled relative to the supply of skilled workers around this time.
This time series is shown in Figure 1.
Indeed, the figure shows that after years of no change, the relative supply of
unskilled to skilled workers drops dramatically in 2001. If I take into account
that those graduating from primary school need around half of a year to find
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a job, I should find that while in 2001 there was a normal low-skilled labour
inflow, in 2002 there was no inflow (maybe except for those who found a job
immediately after graduating in the summer of 2002). In fact, it is evident that
the decline has continued. This might be a result of the fact that the reform
(that has also reduced the years of high school by one year) has encouraged
students to continue education and thus acquire more skills.
What impact did this shock have on the relative wage of unskilled and skilled
workers? If there is some degree of complimentarity between skilled and un-
skilled workers (σ is different than zero), there should be an increase in the
wage of unskilled workers, due to the relative scarcity of unskilled labour. In-
stead, Figure 2 shows that the effect was none. If anything, the relative wage
experienced a small fall around 2002. The graph suggests that since 1999, rel-
ative wages have been experiencing a slow and rather stable decline (probably
following skill-biased technological change) uninterrupted by any changes in rel-
ative supply of skills. This might serve as additional evidence that, at least
in Poland, as suggested by the simple Katz-Murphy regression, the skilled and
unskilled workers are characterized by high degrees of substitutability.
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Below I present results for both cases: if I assume σ = 1 and if I assume σ
is at the US level (estimated by Katz and Murphy).
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Growth Decomposition Using Wages for Skilled and Unskilled Work-
ers
Given all the information on the production function form and its key param-
eters (Ah, Al and σ), I can recover additional information about the nature of
convervence. Using equation (37), I immediately arrive to the simplest decom-
position of growth rates:
yt+1
yt
=
((Aht+1sht+1)σ + (Alt+1slt+1)σ)1/σ((
Aht s
h
t
)σ
+
(
Alts
l
t
)σ)1/σ
1−α(Lt+1
Lt
)1−α(
kt+1
kt
)α
The comparison with equation (36) reveals that in the previous analysis
I have captured the first term in the above expression as a residual. Now the
additional information on A’s might help to decompose this residual into further
elements. The first step is to decompose it in the manner similar to the way
nominal GDP growth is decomposed into real GDP growth and inflation (by
Paasche or Laspeyres decomposition):
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(40)
This decomposition resembles a counterfactual exercise: the first term states
what would be the growth of output if the efficiency parameters, Al and Ah are
allowed to jump to the new levels while keeping the shares of skilled and unskilled
labour fixed across two periods. The second term instead shows what would be
the change in ouput if efficiency parameters are fixed at their initial level but I
let shares of skilled and unskilled workers change to their new levels.
The interpretation of these terms, however, is not straightforward (at least
as long as σ is not equal to one). One may be tempted to interpret the second
term as the growth coming from the increased share of a more productive factor.
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However, this is not exactly right. Consider what would happen if productivity
parameters (A’s) of both factors (here, both types of labour) would be exactly
equal. Then we would expect that the term should be one (no growth) irrespec-
tive of how the shares change. However, this will not be the case if σ is not
one.
The only way to obtain a term that would be robust to this problem is to
split the second term in (40) along the following lines:
((
Aht
sht+1
(sht+1σ+slt+1σ)
1
σ
)σ
+
(
Alt
slt+1
(sht+1σ+slt+1σ)
1
σ
)σ) 1σ
((
Aht
sht
(sht σ+sltσ)
1
σ
)σ
+
(
Alt
slt
(sht σ+sltσ)
1
σ
)σ) 1σ ∗
((
sht+1
)σ
+
(
slt+1
)σ) 1σ((
sht
)σ
+
(
slt
)σ) 1σ
(41)
The first term in this expression is an indicator of how much output change
comes from the increase in share of a more productive factor. The term will
always take the value of one if factors have the same productivity - regardless
of what will be the change of shares of these factors.
The second term is a residual, but in fact, it does have a clear interpretation.
To understand it, note that if production function has the form given in (37),
there will be some optimal shares of skilled and unskilled labour that will max-
imize output given other parameters. A change of shares will move the ouput
towards or away from this optimum. If factors are perfect substitutes (σ = 1),
moving resources towards more productive factor will always increase output.
However, if inputs have some degree of complimentarity, setting one input to
zero will always involve a loss for the economy, even if this factor has a lower
productivity parameter, Al < Ah. Thus the optimal output will involve shares
that will be on one hand skewed towards the more efficient input, but on the
other hand will not be too far from equal balance. The second term in the
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expression in (41) will exactly capture the cost (or benefit) from moving away
(or towards) equally balanced shares. Note finally that if inputs are perfect
substitutes, the term drops. Thus this decomposition is only important if it is
believed that Polish, Hungarian, Czech and German elasticities of substitution
between inputs are not infinite.
By an exactly analogous argumen, I might also decompose the first term in
expression (40) into two terms:
((
Aht+1
(Aht+1σ+Alt+1σ)
1/σ
sht+1
)σ
+
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Alt+1
(Aht+1σ+Alt+1σ)
1/σ
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Alt+1
)σ)1/σ((
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)σ
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Alt
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(42)
Then I might intepret the first term in the above expression as a growth that
originates from the fact that more abundant factor becomes relatively more pro-
ductive. The second term will capture two effects: the first is the overall produc-
tivity growth, and the second captures that the change in relative productivity
might help to balance inputs (or rather their efficiency equivalents).
Decomposition Results for Poland, Hungary and Czech Republic
Since EU KLEMS data on wages for various types of labour is available only until
2005, in this section, the analysis is focused on the convergence between 1995 and
2005. First, I proceed with the results for the value of σ = 0.3 (corresponding to
1
1−σ = 1.4, as estimated by Katz and Murphy). Recall that the residual growth
between 1995 and 2005 in Poland (earlier labeled as TFP) was equal to 67%.
This might be decomposed as follows. The first term in expression (41) (growth
due to higher share of a more productive factor, in this case - increasing shares
of high skilled workers) implies a growth of 7.0%, a rather modest contribution.
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Elasticity of Substituion = 1.42
Poland Hungary Czech
(1) Skills upgrading 6.98% 8.51% 13.21%
(2) Skills balance -6.84% -6.60% -10.77%
(3) Favourable technology bias 8.20% 7.33% 6.12%
(4) Overall 55.39% 48.10% 19.47%
TOTAL TFP growth 67.56% 61.11% 28.06%
Elasticity of Substitution = ∞
(1) Skills upgrading 0.07% 1.72% 1.37%
(2) Skills balance - - -
(3) Favourable technology bias 2.66% 3.78% 0.95%
(4) Skills neutral tech. change 63.12% 52.63% 25.14%
TOTAL TFP growth 67.56% 61.11% 28.06%
Table 6: Growth and Skills Mix
The second term in (41) (growth due to better balance between factors) was
in fact negative (unskilled labour in Poland is scarce, thus reducing its share
leads to more imbalances and loss of output) and implies a decline of 6.8%.
The first term in expression (42) (growth due to higher productivity of a more
abundant factor) implies a growth of 8.2%. Finally, the last term in (42) that
capture the overall improvement in productivities (weighting the improvement
in technology for high-skilled and low-skilled equally) brings a growth of 55%.
The key conclusion from this decomposition is that skill upgrading played some
role in TFP growth, but this role was far from being crucial.
If I take the value of σ to be a unity, the role of skill upgrading diminishes to
zero: the first term in (41) is 1.0007. Also, the growth due to higher productivity
of a more abundant factor is very modest - the first term in expression (42)
implies a growth of 2.7%. The second component in (41) is obviously a unity.
The entire remaining growth is attributed to the residual - overall increase in
productivity.
Skill upgrading in Poland did not play a significant role in growth, regardless
of whether I assume that workers with different skill levels are perfect substi-
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tutes. In the case of imperfect substitution, the reason for this is that the
positive effect of skill upgrading is offset by the fact that I reduce the share
of the already scarce factor. If in turn I assume that two types of labour are
perfect substitutes, it turns out that productivity differences between two types
of workers are not large (in 1995 Al = 16.1 and Ah = 17.6)
Under the assumption of a 1.42 value of the elasticity of substitution, in
Hungary, the skill upgrading could be associated with a growth of 8.51% - thus
it played a more significant role than it did in Poland. However, as in the
Polish case, the positive effect of an increased share of productive factor was
almost entirely offset by a negative effect of increasing the disbalance between
skilled and unskilled workers. The favourable technology bias - i.e. increase in
relative productivity towards a more abundant factor - can be associated with a
growth of 7.33%. The most important contributor was the change in the overall
productivity change index: it can explain the 48.1% growth.
If skilled and unskilled workers are perfect substitutes, the change in skills
composition lead only to a very modest growth. In constrast to the Polish econ-
omy, the wage difference between skilled and unskilled workers was substantial
(almost two fold). The small contribution of skills recomposition is explained
by the small size of skills accumulation (number of unskilled workers dropped
from 18.9 to 14.5% over the ten years).
In Czech Republic, skills upgrading was rather low - unskilled workers in 1995
constituted 9.5% of the workforce; ten years later it was 6.2%. If I consider the
finite elasticity of susbtitution and if I isolate the negative effect coming from
the higher imbalance between skilled and unskilled workers in CES production
function, skills upgrading ends up being one of the major forces in productiv-
ity growth: out of 28% growth of the residual computed in section 3.2, skills
upgrading was associated with 13% growth. However, reducing the number of
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unskilled workers from 9.5% to 6.2% also had a large negative consequence on
prodcution - at least as long as a finite elasticity of substitution is assumed. 6
Under the perfect substitution assumption, neither skills upgrading nor favourable
skill bias could be associated with significant contribution. Again, the negligible
role of skills accumulation can be explained with the small size of this process:
the share of unskilled workers dropped by only 3%.
3.4 The Sectoral Decomposition
Following the strategy of Caselli and Tenreyro (2005), I can use sectoral data to
find whether growth comes from growth of productivities of industries or from
moving labour towards more productive industries.
Let yijt be the productivity of labour (output devided by total number of
hours worked by persons engaged) in country i, in sector j at time t, and let aijt
be the share of employment (number of hours worked in the sector devided by
total number of hours worked in entire economy) for sector j in country i, at
time t. Then productivity of labour might be expressed as the weighted sum of
sectoral productivities:
yit =
∑
j
aijty
i
jt (43)
I am interested in the change of Polish labour productivity relative to Ger-
man labour productivity: ∆
yPt
yGt
. Using equation (43), after some algebraic ma-
nipulations, I can decompose the change in relative productivities into three
terms:
∆
yPt
yGt
=
∑
j
aPjt∆
(
yPjt − yGjt
yGt
)
+
+
∑
j
(
yPjt
yGt
)
∆aPjt −
∑
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(
yGjt
yGt
)
∆aGjt
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+
∑
j
(
aPjt − aGjt
)
∆
(
yGjt
yGt
)
(44)
where ∆xjt = xjt − xjt−1 and xjt = xjt+xjt−12 .
The term in first line captures the growth of relative productivity coming
from growth within each sector. The sectoral growth rates are weighted by
the sector’s average employment share. The first term in the second line is
the growth that comes from shifting labour towards more productive sectors.
Because I am interested in the growth of relative productivity, the corresponding
growth on the German side is deducted. Finally, the last term originates from
the fact that the relative growth might also follow if the sector in which Poland
has a disproportionally higher share of employment (compared to Germany)
experiences extraordinary productivity growth.
The economy-wide increase in relative productivity of labour was 0.118 (from
0.341 in 1995 to 0.459 in 2006). This comes, to a large extent from the first
component - the within-industry productivity growth lead to a 0.087 decline
in relative productivity differences. The biggest contribution in this figure was
manufacturing (0.036), wholesale (0.018) and financial intermediation (0.017)
and real estate, renting and business activities (0.023) (figures in brackets are
declines in sectoral relative productivity differences already weighted by average
employment shares of these sectors).
The shift of labour towards more productive sectors in Poland had a very
modest contribution of 0.008. Interestingly, at least until 2006, there is no
evidence of a shift away from agriculture, where productivity - in comparison
to German economy - is the lowest. In fact, regarding growth rooted in shifts
of labour, Poland was outpaced by Germany that by moving labour towards
better sectors has increased the productivity distance to Poland by 0.059. This
result seems to be driven by the astonishing effect of moving labour towards real
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Poland Hungary Czech
Productivity relative to Germany (1995) 0.341 0.381 0.400
Productivity relative to Germany (2006/2007*) 0.459 0.477 0.489
Change in relative productivities 0.118 0.095 0.089
Decomposition:
Weighted growth of individual industries: 0.089 0.074 0.107
Shift of Labour to more productive industries
in the country: 0.008 0.020 0.005
in Germany: 0.059 0.063 0.063
Favourable Technological Change: 0.080 0.063 0.040
Table 7: The Sectoral Decomposition of Growth in Relative Productivity. *2006
for Poland, 2007 for Hungary and Czech Republic.
estate, renting and business activities sector in Germany (this alone increases
the distance to Poland by 0.110 points).
Finally, Poland has benefited substantially from the growth of productivities
in sectors in which Poland had disproportionally higher shares of employment
(compared to Germany) - the last component has decreased Polish distance to
Germany by 0.079 points. This is mainly due to the increase in the productivity
of agriculture, where Poland has an abundant workforce and real estate, renting
and business activities sectors. The latter sector had a 5% bigger share of labour
in Germany than in Poland. Thus a drop of productivity in this sector (relative
to the entire economy) has contributed to the shortening of the distance between
Germany and Poland.
In Hungary, the productvity relative to Germany has increased by 0.095
- from 0.381 to 0.477. The decomposition attributes the largest role in the
increase to growth of relative productivities in individual industries. The drop
in the productivity gap between Germany and Hungary has been particularly
visible in wholesale and retail trade (contributed 0.010 in closing the gap between
average productivities), financial itermediation (contributed 0.019), real estate,
renting and business activities (contributed 0.017) and education (contributed
0.02).
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The shift of labour to a more productive sector led to more substantial
contribution in growth of relative productivities than in the case of Poland.
The second term in equation (44) takes the value of 0.020. The substantial role
was played by the real estate, renting and business activities sector, which grew
from 3.8% of the labour force in 1995 to 7.3% in 2007. However, as noted above,
a similar shift towards that sector was present in Germany. As a result, shifts
of labour between sectors in both countries resulted ultimately in increase of
distance between Germany and Hungary.
Throughout the period, the portion of labour working in real estate, renting
and business activities in Germany was higher than in Hungary. Since over the
12 years the productivity of this sector relative to other sectors was decreas-
ing, the German benefit over Hungary was shrinking. In fact, this force has
contributed 0.044 points to the increase of the Hungarian-German productivity
ratio.
The experience of Czech Republic is similar to that of Poland and Hungary:
Relative productivity of Czech Republic has increased by 8.9%: while in 1995,
Czech productivity was exactly 40% of Germany, and in 2007 it was almost
49%. The weighted growth of individual industries alone could actually lead to
growth by 10.7%; however, it was offset by the shifts of labour to a more produc-
tive sector in Germany - as described below. The fastest growing sectors were
total manufacturing (contributed 1.5% in the 10.7% distance reduction), whole-
sale and retail trade (contributed 4.3%) and real estate and business activities
(5.1%).
As in Poland shift of labour towards more productive sectors brought only
a marginal benefit. The exception was a shift of labour towards the real estate
and business activites sector. Since I could observe an even larger shift of labour
towards this sector in Germany, altogether the shifts of labour between sectors
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has led to an increase in distance between Germany and Czech Republic.
Finally, Czech Republic could benefit from changes in the relative produc-
tivities of various sectors. In particular, since a larger share of the labour force
works in the manufacturing in Czech Republic than in Germany, an increase of
relative productivity of that sector helped to increase the distance to Germany.
3.5 Summary
In the first part of the paper, I decompose economic growth in Poland, Hungary
and Czech republic into three elements: growth of capital, growth of labour
supply and the total factor productivity term that captures the increase of hu-
man capital, transfer of technology and institutional change. Since in 1995, in
all three countries, the levels of capital and the TFP were very low relative to
German levels, the Solow model and the technology imitation models predicted
capital accumulation and an increase in residuals that are larger than in Ger-
many. Over the 13-year period between 1995 and 2007, TFP has converged to
Germany’s level in all three countries. Relative capital has increased in Poland
and in Hungary, but it stayed constant in Czech Republic. Even in the latter
two countries, the convergence of capital has been subtantially slower than the
convergence of TFP. In fact, contrary to the prediction of the Solow model, the
distance between observed capital per efficiency unit and its steady state level
increased. The results therefore imply that the Solow model alone is too weak
to explain the observed pattern of convergence between countries and it must
be suplemented with the technology transfer model.
Given the extraordinary role of the TFP growth, I further decompose it
into the increased share of high-skilled (better educated) workers, the increase
in relative productivity of a more abundant type of labour and skill-neutral
technological progress. The latter two factors played only a minor role in all
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three countries.
In the second part of the paper, I use sector level data to distinguish whether
convergence to the German economy could be explained by the shift of labour to-
wards more productive industries, by an average growth of within-industry pro-
ductivity or by a growth of relative productivity in sectors in which a converging
economy has a higher share of labour than Germany. The results suggests that
only the last two factors are equally important in explaining the convergence.
The shift of labour to more productive sectors did not play a significant role.
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4 Appendix A
A1 Tradeoff in Production Methods Menu.
In this section, I elaborate in more detail the ideas drafted in section 1.2.1 - I
present and formally discuss two arguments on why the tradeoff between tech-
nologies that assign high productivity to skilled workers and technologies that
assign high productivity to unskilled workers can be expected. The first argu-
ment is based on the presumption that the adoption of each technology might
be costly - a firm might not find it optimal to adopt technologies that increase
productivity of unskilled workers if there are very few unskilled workers. The
second argument is that the random nature of production method discoveries
might generate the trade-off itself. Both arguments are described with formal
models.
A1.1. Costly adoption
One implicit, though potentially problematic, assumption in the analysis pre-
sented so far is that technology is taken to be a single object associated with
some productivities for skilled and unskilled workers. Instead, in the real world,
technologies devoted to skilled workers and technologies devoted to unskilled
workers might exist separately. Mathematically, this would imply that each
technology is no longer characterized by a vector (As, Au), but by scalars: tech-
nologies for skilled workers are characterized by scalar As, technologies for un-
skilled workers are characterized by a scalar Au. In such case, firms will simply
take the best technology available for skilled workers (buy the fastest available
PCs, apply best practices for HR management etc., i.e. maximize As) and take
the best available technology for unskilled workers (purchase the most produc-
tive machines, apply best practices in production line organization etc. i.e.,
maximize Au). Why would the purchase of better computers necessarily involve
a necessity to use poorer production machinery?
Such trade-off might arise if firms face adoption costs. Suppose that the
more advanced the technology is that the firm aims to adopt, the higher the
cost of adoption. Moreover, progressing on the advancement of technologies
devoted to skilled workers and technologies devoted to unskilled have different
costs: cγ and c respectively. The firm’s optimization problem can then be stated
as:
max
Lis,Liu,Ais,Aiu
[(AisLis)
σ
+ (AiuLiu)
σ
]
1
σ − wsLis − wuLiu − c
γ
Aωis − cAωiu
subject to As ≤ A¯s and Au ≤ A¯u where A¯s and A¯u are the frontier tech-
nologies.
Of course firms might hit the frontier for both technologies. However, if the
costs are high enough, this will not happen and firms will not find it optimal to
adopt technologies that increase productivity of unskilled workers if there are
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very few unskilled workers. In fact, if a firm is not choosing frontier technologies,
the first order condition will be exactly the same as before, with γ ruling the
tradeoff between the optimal choices of As and Au.
Another possibility is that firms face the credit constraints for adoption of
technologies. In such a scenario, a firm’s optimization will be given by
max
Lis,Liu,Ais,Aiu
[(AisLis)
σ
+ (AiuLiu)
σ
]
1
σ − wsLis − wuLiu − c
γ
Aωis − cAωiu
subject to As ≤ A¯s and Au ≤ A¯u and cγAωis + cAωiu ≤ B, where B is the
borrowing constraint for the firm. As long as B is not high enough, the firm will
not be able to adopt the best technologies for either skilled and unskilled workers,
and it will face a tradeoff between investing in the two types of technologies. In
such case, the first-order conditions will be exactly the same as before.
A1.2. Random Discoveries
The purpose of this subsection is to demonstrate that if one is ready to assume
that each technology is associated with a pair of productivities: for skilled and
unskilled workers (rather than some technologies determining technologies for
skilled workers and other technologies ruling productivity of unskilled work-
ers), then the tradeoff can be derived easily by allowing these pairs to be ran-
dom draws from a bivariate distribution. A similar framework in the context
of capital-augmenting and labour-augmenting technology parameters has been
proposed by Jones (2005) and developed in Growiec (2008, 2013).
Before proceeding, I should first consider if the assumption of a single tech-
nology for both unskilled and skilled workers is defendable. It is hard to justify
the assumption if the roles of skilled and unskilled workers are clearly defined
and separated and when technologies are only used to help workers perform
their duties better. Two types of technologies would probably be observed - one
devoted to skilled workers and one devoted to unskilled workers - and the two
types are unlikely to be negatively correlated.
However, what happens if the roles of unskilled and skilled workers are not
independent of technology? If technology (especially if it is defined broadly,
including management strategies and organization of production) itself deter-
mines the roles and their division between two types of workers, it has to be
treated as a unitary object - firms cannot choose technologies for skilled and
unskilled workers separately and independently.
The logic above suggests that if the tasks of workers are predefined and
technology determines the division of these tasks between skilled and unskilled
workers, the trade-off between skill-biased and unskill-biased technologies ap-
pears immediately: firms have to decide to adopt technology where skilled
workers assist unskilled workers (key roles in production go to the unskilled)
or the technology with unskilled workers assisting the skilled (the key roles go
to skilled). However, what if the set of roles is not predetermined but defined
by technology? The technology might determine the duties for skilled workers
independently of duties for unskilled. The model below captures this idea and
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shows how random generation of technology might explain the trade-off that is
essential for the endogenous technology choice hypothesis.
Imagine a Central Science University that has just devised a new civiliza-
tional milestone (such as steam power, semi-conductors, or radioactive decay).
The finding has been passed to Central Engineering University, which will try
to determine how to combine the new scientific disovery and two types of labour
inputs to generate a final good. In fact, they might have various ideas on how
to do it, and each idea will involve some degree to which the newly discovered
law of nature can compliment the work of skilled and unskilled humans. Thus
each idea can be represented with the production function (1) with parameters
(Ais, Aiu).
How the ideas look (what are the pairs (Ais, Aiu) that engineers could come
up with) depends partly on chance and partly on the nature of the fundamental
scientific discovery made in Central Science University. Therefore, one might
think about each idea, or rather a pair (Ais, Aiu), that characterizes it as a
draw from the bivariate distribution whose parameters depend on the nature
of discovery (some fundamental scientific discoveries might be skill-biased by
nature in the sense that the explored law of nature compliments ideally with
the effort of educated workers - then engineers have much higher chances of
discovering production methods with very high As). Engineers have n ideas
and thus n production methods (with n associated (Ais, Aiu) pairs) appear as
possibilities to be picked up by firms.
As in the other parts of the paper, the production function is assumed to
take a CES from for all available technologies:
Fi = [(AisLs)
σ
+ (AiuLu)
σ
]
1
σ
Suppose that it is known that a representative firm uses the technology
represented by a solid point on Figure 3. An isoquant going through this point
indicates that in areas A and B there must not be any available technology
(otherwise firm did not choose the optimal technology). Suppose now that the
skilled and unskilled labour supply has changed - in particular relative to the
number of unskilled workers the number of skilled workers has increased. This
makes the isoquant flatter, as illustrated on the graph. I know for certain that a
firm will not jump to technologies in areas A and B because there are no available
technologies there. It also do not choose technology from area D because it is
suboptimal - it is better to stay with the current technology (represented with
a solid dot). The only possibility is then that a firm might find other available
technologies in area C - then it will decide to shift. There will be no jump to
the technologies that lay below the dotted line. The proposition follows:
Proposition 1. Upon a relative increase in the supply of one of the types
of labour, the representative firm will never jump to technologies that disfavour
this type of labour.
In fact we can tell much more about the changes of optimal choices of the
company if we consider a particular bivariate distribution of technologies. We
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Figure 3: Optimal Choices of Technologies under changing relative supply of skills
might assume that this distribution is a bivariate normal distribution with no
correlation between As and Au (to form a production method engineer first
draws As from a normal distribution, then draw Au from another normal dis-
tribution (but independent of the value of the first draw) and then puts the two
draws together). With this assumption, another proposition can be developed:
Proposition 2. If a pair (As, Au) is drawn from the bivariate normal dis-
tribution with no correlation between As and Au, then the most likely ex ante
(i.e. before the realization of the draws) choice of technology (the mode of the
optimal technology choice distribution) has to satisfy:
log
(
As
Au
)
=
1
2− σ log (γ) +
σ
2− σ log
(
Ls
Lu
)
Proof: With the bivariate normal distribution with no correlation the equiden-
sity contours in the (As, Au) space takes the form A
2
s +γA
2
u = B. Each contour
is associated with some density level pi (i.e. if point (As, Au) lays on the con-
tour k, the probability (or probability density) that a random draw from the
distribution will be (Ah, Al) is equal to pi
k)
Suppose that there are n independent draws of inventions (and so n points
(As, Au) a firm can select from). Each draw will be indexed by i. Further, let
F j =
((
AisL
j
s
)σ
+
(
AiuL
j
u
)σ)1/σ
be the output of firm j if it picks the draw i.
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Take any point in the (As, Au) space, call it point P. The probability (or
probability density) that this point ex-ante (before the realization of the draws)
is the optimal point for firm j is given by the probability that the first draw
happens to be at point P multiplied by the probability that the first draw is
optimal for firm j among all the other draws plus the probability that the second
draw will happens to be at point P multiplied by the probability that the second
draw is best etc.
Pr
((
APs , A
P
u
)
is selected by country j
)
=
=
∑
i
Pr
((
Ais, A
i
u
)
=
(
APs , A
P
u
)) ∗
∗Pr ((APs , APu ) is optimal for jamong all the draws)
If the point
(
APs , A
P
u
)
lays on the contour k then probability that a draw
is exactly equal to
(
APs , A
P
u
)
is given by pik . The probability that draw i is
optimal for country j among all the other draws is in turn equal to probability
that the use of any other technologies that popped out will give smaller output:
Pr
((
APs , A
P
u
)
is optimal for jamong all the draws
)
=
=
∏
s 6=i
Pr
(
F j (Ass, A
s
u) < F
j
(
APs , A
P
u
))
Now consider particular point E that lays on the contour k depicted on figure
4. Probability that a draw happens to be exactly at point E is pik. Probability
that this draw is the best option among all the other draws is the probability that
no other draw appears in the shaded area above the isoquant passing through
point E - if it does, then selection of that alternative draw (and the associated
production function) would result in a higher output and selection of point E
would be suboptimal. Observe that point H has exactly the same probability
that it will appear as an optimum as point E: it lays on the same contour k and
it has exactly the same probability that no other draw will give higher output
(i.e. the probability that the shaded area remains empty). Now notice that if
we consider any point on the contour k between points E and H, say point F,
again they have exactly the same probability they will be drawn in one of the
draws (they lay on the same contour) but they have strictly higher probability
that no other draw will give higher output. This is because the probability
that there exist other draw that will give better output than point F is the
probability that this draw will appear in the double shaded area. This area
is strictly contained within the single shaded area. Thus the probability that
poin E is outperformed has to be higher than the probability that point F is
outperformed. The only point on the contour k that for which we cannot find
a point with higher probability of being and optimum (among other points on
contour k) is point of tangency of the contour with the isoquant. Therefore
point G has the maximum probability of being chosen among all the points on
contour.
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Figure 4: Derivation of density distribution of optimal technology choices
A simple algebra - analogous to the one from Caselli and Coleman model -
shows that the point of tangency between equidensity contours and isoquants
has to satisfy (
Ah
Al
)2−σ
= γ
(
Lh
Ll
)σ
Notice that this condition does not depend on which contour we consider.
This means that the mode - the point in (Ah, Al) space that is most likely to
be selected has to satisfy this condition. The condition might be rearranged to
the form in the proposition. 
Now consider a bivariate distribution of optimal choices of technologies (ex
ante - i.e. before we know which technologies are available to firms). Since
proposition 1 tells us that none of the firms will move towards technologies
disfavouring skilled workers after they became more numerous (relative to un-
skilled) and proposition 2 tells us that at least some mass of the distribution
of optimal technology choices has to move towards choices that favour more
abundant factor we arrive to the final proposition of the paper:
Proposition 3. Consider a bivariate distribution of optimal choices of tech-
nologies (ex ante - i.e. before we know which technologies are available to firms).
The expected optimal choice must shift towards more skill-biased technologies
after an increase in the supply of skilled labour
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5 Appendix B
In this section of the appendix we derive the first two moments and the disper-
sion of θ if x = θ
ρ
1−ρ ∼ Gamma (α, β)
We start with the second moment:
D (θj) =
E
(
θ2
)
E (θ)
− E (θ)
E
(
θ2
)
= E
((
x
1−ρ
ρ
)2)
= E
(
x2
1−ρ
ρ
)
=
βα
Γ (α)
∫
x2
1−ρ
ρ xα−1e−βxdx =
=
βα
Γ (α)
∫
z2
1−ρ
ρ +α−1β−2
1−ρ
ρ −α+1e−z
dz
β
=
=
βα
Γ (α)
β−2
1−ρ
ρ −α
∫
z(2
1−ρ
ρ +α)−1e−z
E
(
θ2
)
=
β−2
1−ρ
ρ
Γ (α)
Γ
(
2
1− ρ
ρ
+ α
)
The first moment can be derived analogously:
E (θ) = E
(
x
1−ρ
ρ
)
=
∫
x
1−ρ
ρ
βα
Γ (α)
xα−1e−βxdx =
=
βα
Γ (α)
∫
x
1−ρ
ρ +α−1e−βxdx =
=
βα
Γ (α)
∫
z
1−ρ
ρ +α−1β−
1−ρ
ρ −α+1e−z
dz
β
=
=
βα
Γ (α)
β−
1−ρ
ρ −α
∫
z(
1−ρ
ρ +α)−1e−zdz
E (θ) =
β−
1−ρ
ρ
Γ (α)
Γ
(
1− ρ
ρ
+ α
)
We can combine the two to derive the dispersion of θ if x = θ
ρ
1−ρ ∼
Gamma
(
µ
D ,
1
D
)
D (θj) =
E
(
θ2
)
E (θ)
− E (θ) =
= D
1−ρ
ρ
Γ
(
2 1−ρρ +
µ
D
)
Γ
(
1−ρ
ρ +
µ
D
) − D 1−ρρ
Γ
(
µ
D
)Γ(1− ρ
ρ
+
µ
D
)
=
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= D
1−ρ
ρ
Γ
(
2 1−ρρ +
µ
D
)
Γ
(
1−ρ
ρ +
µ
D
) − Γ
(
1−ρ
ρ +
µ
D
)
Γ
(
µ
D
)

Simulations for various value of µ show that this is function is increasing in
D.
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